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Since the abolition of EU Milk quotas in April 2015, milk production in Ireland has grown 
by 60% more than anticipated. Dairy processing requires a significant hydraulic demand, 
with approximately 2.5 m3 of water required to process 1 m3 of milk. This research 
examined water usage and opportunities for reduction, recovery and reuse within the 
Irish dairy industry.  
Previous research into dairy waste streams is limited, with no real focus on chemical 
analysis of these waste streams. EU standards have not been widely compared to dairy 
waste streams and their seasonality year on year across multiple sites is not evident. 
Through collaboration with experts in nationwide sites critical areas of concern in terms 
of waste volumes, water cleanliness and technologies were discussed and led to  a stable 
foundation for this research. 
Through thorough investigation of Irish Dairy waste streams this research was 
inconclusive in its ability to clearly group or classify waste streams within the industry. 
This in turn leads to ensuring any recovery technologies are competent of recovering a 
large variation of contaminated streams.  
Filtration technologies are currently in use in Dairy Industries within some production 
areas. However, it had yet to be investigated if this technology could assist with 
promising results in waste treatment. Ultrafiltration, Nanofiltration and Reverse 
Osmosis technologies were investigated with UF showing the least promise and RO the 
highest reduction of undesirables. This research then concluded that RO polishing post 
initial filtration poses conditions for optimum clean water recovery. 
Zeolites are a cheap, widely available and naturally occurring material that has been 
used in pharmaceutical and fine chemical industries for ca. 100 years. Extrapolating from 
the results obtained in this work, one would expect zeolites 4Å and 13X to clean 180m3 
and 230m3 of dairy wastewater per tonne of material which translates to processing 
72m3 and 92m3 of milk. 
Customer perception remains a significant misunderstood obstacle. Studying socio-
economical aspects of human behaviour, both within and external to an industrial 
setting, may aid in understanding people’s reluctance, and indeed, tendency to reuse 
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‘Water Water, everywhere, nor any a drop to drink’, 
This study will address the issue of water use and reuse within the context of the Irish 
Dairy industry in the past, today, and, hopefully, into the future of the industry. The 
infamous quote above reflects the severity of the water scarcity within the sector and 
this research outlines the; ‘what, why, when, where and how’ to address this concern. 
It is no secret that the world’s population is constantly increasing with 7.773 Billion 
people alive today globally, at the time of writing. (https://www.worldometers.info/, 
2020). This increase, naturally, lends itself to an increase in food demand. Changes in 
demographics and economic prosperity around the world have aided in the worldwide 
ambition to not alone feed the population but to gain access to safe and healthy foods. 
A move away from traditional cereals has exhibited a surge in demand for primarily 
protein rich foods, i.e. meet, fish & dairy. This provides significant potential for the Irish 
Agri-Food /Industry to enter new markets and grow their export shares.  
This exciting increase in food demand, paves the way for significant increases in the Irish 
Food & Beverage processing sector.  However, as processing increases so too does the 
demand for highly sustainable products. Industry is constantly faced with maintaining a 
high standard of sustainability. Three pillars of sustainability; social, economic and 
environmental, are equally important to ensure this sector continues to develop and 
grow. Key environmental challenges in the Dairy Industry include; reduction and 
emission of Green House Gases (GHGs), improvement of air quality, reduction of non-
renewable energy resources, and recovery and reuse of water resources. 
The Agri-Food Industry is Ireland’s oldest and largest indigenous industry (DAFM, 2015). 
The term, Agri-Food, encompasses everything from primary agriculture to food and 
beverage production, from fisheries and fish processing to forestry outputs. It is rooted 
in Irish culture and local communities. Of these Agri-Food industrial pillars dairy and 
dairy processing is widely recognised, in Irish rural communities, as a key component of 
the Irish economy. This component continues to grow, according to Murphy et al, Irish 
milk production is going through a period of rapid expansion due to the abolition of EU 
milk quotas (Murphy et al., 2017). 
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Milk quotas were introduced within the European Union with the intention to prevent 
overproduction and waste of milk (Táborecka-petrovicova, 2015) these milk quotas 
were introduced within the EU in 1984 (Buckley et al., 2019). Milk quotas within the EU 
have evolved over time with the expansion of the EU member countries, Figure 1-1 
illustrates the EU quota system and its evolution over time. From this diagram it is 
apparent that as the EU expanded from 10 to 15 and up to 28 countries, correspondingly 
milk quotas also expanded in an attempt to control milk production.  
 
Figure 1-1 EU Quota Year Milk Production (Donnellan, Hennessy and Thorne, 2017) 
However, quotas were not always successful in controlling production, for example prior 
to the abolishment of EU milk quotas on 1st April 2015, 12 EU member states exceeded 
their 2014/2015 milk quota, Ireland being one of those twelve members’ states. In the 
run up to the abolition of milk quotas Ireland's available quota for deliveries was 5, 
783,418 tonnes, which was overrun by 255, 798 tons which equates to 4.4% (European 
Union, 2000). This increase in milk production indicated an available market once quotas 
were set to be abolished. 
A number of studies completed at the time of quota abolition attempted to predict the 
effect of abolition on the milk market in EU and Ireland. Jongeneel et al 2015 “predicted 
the milk quota abolition is likely to have little impact on the overall milk production in 
the Union” (Jongeneel and Van Berkum, 2015). Salou et al 2017 in a review of available 
literature indicated an increase in the production or raw milk 1.5% to 4.8% (Salou et al., 















Ireland (from 2007-2009 levels) is achievable and would set the foundation for further 
expansion (Bergin et al., 2020). 
While it has been shown that EU wide quotas increased from 1981, it is necessary to 
examine Irish historical milk production in isolation to understand the trajectory. Data 
obtained from the CSO and presented in Figure 1-2 below illustrates historical milk 
production in Ireland, with key landmarks indicated. 1973 entry to EEC, 1984 EU quota 
imposition and 2014 EU quota abolition.  
 
Figure 1-2 Milk Production trends 1961-2018 (FAOSTAT, 2019) 
From the CSO total milk production for 2007-2009, inclusively, was 14,802 million litres 
with an average milk production per month of 411 million litres (FAOSTAT, 2019). 
Comparing this to 2018-19, inclusively, a total of 11,792 million litres processed by dairy 
producers at an average of 655. million litres.  
From the information presented above estimates were for an initial 50% increase, what 
transpired was almost a 60% increase in milk production. This increase in production 
and processing has placed a significant demand on existing processing infrastructure and 
resources, which will be expanded on later.  
4 
 
In the current climate it should be noted that Brexit may have an impact on the Irish 
dairy industry, a study by Davis et al looking at various post-Brexit trade agreements 
indicates that if no deal is secured and World Trade Organisation (WTO) default 
agreements are upheld then a 30% increase in milk and dairy pricing would apply (Davis, 
2017). The UK is the biggest destination for Irish exports and therefore the issues 
associated with any possible UK exit from the EU must be monitored to minimise 
potential negative impacts. If there is a bespoke free trade agreement with the EU then 
a 1% price increase would apply and if there is unilateral trade liberation then a price 
reduction of 10% could apply. The volatility surrounding this issue is ongoing but as is 
evidenced by the data presented by the CSO and FAOSTAT, it has not diminished the 
growth of the Irish dairy processing sector. 
The dairy sector, with its wide variety of products and processes is a water intensive 
industry. It is uniformly accepted that water usage within the dairy industry varies 
between 0.9 litres to 4 litres of water used to process one litre of milk (Boguniewicz-
zablocka, Klosok-bazan and Naddeo, 2019). As milk production increases there is a 
corresponding increase in demand on water. As mentioned previously sustainability 
encompasses social and environmental responsibilities, however to continue to abstract 
fresh drinking water to transform milk into its various products at this rate is in violation 
of the sustainability ethos. 
This thesis will investigate the potential to use water recovered from the dairy 
production process as a means of reducing the demand on abstracted water. To achieve 
this there are a number of challenges which need to be overcome; establishing a 
baseline of water usage within the industry, establishing quality requirements, 
identification of suitable waste streams and compatible recovery technologies. The 
following part of the introduction outlines the research undertaken. 
While the contribution to knowledge of the thesis will be outlined in more detail during 
the Literature Review chapter. Currently, there exists no industry wide datum 
cleanliness level for water used within the Irish dairy Industry. Water is subjected to 
quality testing and compared to the EU drinking water standard, however a true 
measure of the current onsite cleanliness in practice is not readily available.  
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Previous research into dairy waste stream classification has focused on indicator 
parameters such as COD, (Chemical Oxygen Demand) conductivity and biological 
performance with no detailed analysis of chemical parameters.  
Previous examination of recovery systems has largely ignored chemical performance 
which is a key requirement of the Industry. These recovery systems have been largely 
filtration based, Nanofiltration, Ultrafiltration and Reverse Osmosis. This research will 
examine these technologies in relation to real industrial waste streams with specific 
focus on EU drinking water parameters as identified by industrial partners. This research 
will also look to examine the potential use of zeolite material in treating real-world dairy 
wastewater, previous work in this area has focused on artificially concentrated 
solutions.   
This research aims to address these identified issues, gaps in previous knowledge and 
ultimately contribute to knowledge within these areas.  It should be noted that for this 
research the focus is solely on the use of water and recovery of water within the dairy 
processing site, water usage on farms and in milk creation is not considered.   
 
1.1 RESEARCH QUESTIONS  
With the preceding background, the current study investigates with the following 
research questions:  
i. What volume of water is currently required for day to day operation in the Irish 
Dairy Industry? 
a. How this is likely to be affected volumetrically post quota abolition? 
b. Can water be removed from waste streams prior to entering effluent 
treatment plants? 
c. Can water rich waste streams be treated effectively prior to entering a 
singular, downstream, waste outlet? 
ii. What level of cleanliness is required in order to recovery water for reuse in the 
Irish Dairy Industry? 
iii. What technology exists for Industrial water recovery? 
a. Can these methods be successfully adapted to the dairy industry 
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1.2 RESEARCH HYPOTHESES 
The following hypotheses were used to find answers to the above research questions: 
i. Increased milk volumes available to the Irish dairy processing industry will lends 
itself to increased volumes of water being required. This will, in turn, drastically 
increase effluent volumes to be treated, in already stressed treatment plants. 
ii. International potable water standards and current cleanliness levels on site will 
form a baseline for water recovery and reuse. 
iii. Filtration techniques will be investigated using synthetic and live waste streams 
.   
 
1.3 OBJECTIVES 
 Quantify water usage across the Irish Dairy Industry. 
 Establish the current cleanliness levels of water used in the Irish Dairy Industry 
and using these determine a datum cleanliness level for recovered water. 
 Classify waste streams which may be targeted for recovery and determine their 
key characteristics. 
  Investigate recovery technologies, as identified by literature review, and trial 
suitability on selected industrial waste streams 
 
1.4 THESIS STRUCTURE 
Chapter 1 focuses on outlining the research background including quota abolition, the 
effects of increased production on water use and limitations of the current effluent 
treatment plants. The objectives, research questions and hypotheses of this research 
are highlighted. Chapter 2 provides an in-depth review of literature including current 
processes on site in Irish dairy sites, potable water standards used within the food 
industry worldwide, existing filtration techniques and water reuse case studies. Chapter 
3 outlines the Methods used in this thesis. As outlined in Figure 1-3, to follow, Chapter 
4 discusses the current cleanliness standards and practices within the Irish Dairy context. 
Chapter 5 outlines attempts made to classify waste streams on dairy sites in Ireland. 
Chapter 6 and 7 investigates utilising existing technology, namely; Filtration methods 
and Zeolites, were reviewed and their eligibility for water recovery was investigated as 
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2 LITERATURE REVIEW 
2.1 INTRODUCTION 
This literature review will examine a number of key concepts in relation to reuse of 
water within the Dairy Processing sector. Before explicitly examining the dairy 
processing sector and processing steps the literature review begins with an examination 
of water. Its availability, scarcity and sources to illustrate the imminent need to address 
this issue.  
The review then moves to analysing the quantities of water currently used within the 
dairy processing sector and indeed how and where this water is deployed. Having 
outlined the role water plays within the process, the review then examines the main 
processing material i.e. milk. A number of key milk processing steps are introduced 
briefly for context.  
A comprehensive analysis of previous research into dairy waste stream classification is 
performed as part of this literature review. From this analysis a number of gaps in 
previous work are outlined with a view to providing a foundation for this work. Similarly 
an analysis of current water cleanliness standards, from a number of different 
jurisdictions are presented and discussed. The outcome from this analysis is a detailed 
understanding of water quality requirements. 
As the overriding objective of the research is to outline the feasibility of using recovered 
water in the manufacturing process, it is necessary to examine various water recovery 
systems currently employed. A review of primary, secondary and tertiary treatment 
systems are presented followed by a detailed analysis of filtration mechanisms. This 
resulted in identifying a number of limitations in previous research in this field.   
The review continues with an investigation into previous work on nanoparticles and 
their potential use for water recovery. Having examined the necessary water cleanliness 
levels required and detailed the weaknesses in previous waste streams classification. 
A significant barrier to the reuse of recovered water in the process is earning the trust 
of the customer. The literature review ends with an analysis of factors which may help 
with customer perception. This section of the review will examine factors which need to 
be considered. However as indicated, the review will begin initially with an examination 
of water use globally. 
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2.2 WATER USE GLOBAL 
2.2.1 BACKGROUND 
According to the United Nations Committee on Economic, Social and Cultural Rights, 
water is a limited natural resource and the human right to water is indispensable for 
leading a life in human dignity (UN Human Rights, UN Habitat and WHO, 2010). The UN 
further states that freshwater is a fundamental resource for natural ecosystems and 
human livelihoods and access to it is considered a universal human right. Human 
wellbeing depends on adequate supplies of water to meet food, energy, industrial, and 
household needs, as well as to sustain ecosystem functions that service the global 
economy. However, water security is complex, encompassing access as well as 
availability and it is a function of culture, governance and infrastructure development in 
attrition to biophysical supply and demand (Brauman et al., 2015).  
The volume of water required throughout the globe has been increasing over the past 
years, the amount by which demand is increasing is subject to debate. For example 
according to the World Water Development Report (WWAP (World Water Assessment 
Programme), 2018) the global demand for water has been increasing at a rate of about 
1% per year over the past decades.  This is a function of population growth, economic 
development and changing consumption patterns. This WWAP report goes on to state 
that demand for water will “continue to grow significantly over the foreseeable future” 
in particular industrial demand will increase much faster than agricultural demand 
(WWAP (World Water Assessment Programme), 2018). 
If we examine a study presented by Wada, this research indicated that global water use 
(i.e., withdrawal) has increased by nearly 8 times from approximately 500 km³ a year to 
almost 4000 km3 a year over the last 100 years, with an acute increase at a rate of 15% 
per decade between 1960 and 2010 (Wada, de Graff and van Beek, 2016). With regard 
to an Irish context 1.6 billion litres of drinking water is produced every day in Ireland 
(Environmental Protection Agency, 2020). 
Whether the increase is 1% as per annum, (WWAP (World Water Assessment 
Programme), 2018), or 15% per decade (Wada, de Graff and van Beek, 2016), it is 
apparent that as global population increases the right to water will increase 
corresponding, leading to increased hydraulic demand. 
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This demand is satisfied currently through two sources, surface water and ground water, 
surface water is water which is abstracted from lakes, rivers and streams. Surface water 
is defined by the EU Directive (European Union, 2000) as inland waters, except 
groundwater, transitional waters and coastal waters. Where inland water means all 
standing or flowing water on the surface of the land. 
Groundwater is water which is abstracted from the ground i.e. via springs and wells. 
Ground water is defined by the EU (European Union, 2000) as all water which is below 
the surface of the ground in the saturation zone and in direct contact with the ground 
or subsoil. 
Surface water is the principle freshwater supply appropriated to meet human water 
demand globally but the importance of groundwater is increasing as surface supplies 
become less reliable and predictable (Kundzewic and Doell, 2009). In total, 1.4x109 km3 
of water are present at the earth’s surface, however 97% of this water is saline, with 
only 1% being fresh water, which is potentially more readily available for drinking, 
irrigation and industrial use (Oelkers, Hering and Zhu, 2011). According to the Irish EPA 
Water is one of Ireland’s most valuable resources. Only 2.5% of the earth’s water is fresh 
water and, of that, less than 1% is accessible for use by humans (Environmental 
Protection Agency, 2020). 
With regard to irrigation, agriculture, through irrigation, is a principal user of water and 
accounts for ∼70% of the global total, with the remaining part attributable to the 
industrial and domestic sectors (Wada, de Graff and van Beek, 2016). There is an 
estimated 275 million hectares worldwide that is devoted to irrigate crops, which 
increases by 1.3% per annum (Velasco-Muñoz et al., 2018). It is apparent, therefore, that 
as population increases not only does their right to drinking water increase but the 
volume of water required to irrigate crops to provide a sustainable supply of food, also 
increases. The current trend in water consumption is unsustainable and over withdrawal 
of surface water and ground water has led to depletion of water resources and 
environmental damage in some regions of the planet (Oelkers, Hering and Zhu, 2011). 




An analysis of the yield gap (gap between crop harvest and ability to feed growing 
population) by Frankel et al indicated that yield gap closure is typically achieved by 
applying industrial fertilizers and irrigation water (Frankel et al., 2017). While the use of 
fertilizers and new cultivars are often limited by economic and environmental costs, the 
development of irrigation infrastructures also requires the availability of adequate 
irrigation (blue) water resources. Blue water is simply the additional water after 
accounting for precipitation, deep percolation and productive use, required to keep soil 
moisture levels above a crops wilting point. 
Davis et al estimates that the water-limited countries considered in their study will 
require 1315 km3 of additional consumptive irrigation water use to close the crop yield 
gap, indicated in Figure 2-1 below (Davis, 2017). 
 
Figure 2-1 Blue water demand for current crop production and crop production at yield gap 
closure (Davis, 2017). 
Closing yield gaps locally can increase the food self-sufficiency (i.e., the ratio of domestic 
crop production to local demand) of a country and reduce its reliance on imports. 
However, doing so entail significant environmental trade-offs as well as increased 
competition for water use with other sectors (e.g. energy). Diminishing returns on water 
use may also occur in the near future, where many places will require large volumes of 
water to realise a relatively small gain in crop productivity (Davis, 2017).  
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2.2.2 SECTION SUMMARY 
The above section as outlined the significant demand for water globally, it clear from 
this section that water abstraction in increasing and is projected to increase further over 
the next decades.   
It is evident from studies presented by the UN that as the world population grows, in 
order to bridge the gap between food production and global food requirements, that 
significant demands will be placed on water supplies and abstraction. 
It has been established that the UN place significance emphasis on the human right to 
quality drinking water for the world’s population. These increased demands are 
estimated to lead to significant scarcities in drinking water supplies. It is vital therefore 
that potential alternatives to groundwater and surface water suppliers be investigated 
with a view to possible drinking water replacement. It is also evident that continuing to 
use high volumes of abstracted water to wash/clean equipment rather than to irrigate 
crops or use as drinking water is not sustainable into the future.  
The following section outlines an investigation into the dairy processing sector, and 







2.3 WATER USE DAIRY 
2.3.1 BACKGROUND 
This section of the literature review aims to examine how water is used within the dairy 
processing section. As outlined previously in Section 1- Introduction for the purposes of 
this research the examination of water use is restricted to usage on the manufacturing 
site, farm based activities are not included. This section will outline the common 
practices surrounding the use of water on the dairy processing sites, illustrate the typical 
origins of this water and provide insights into the quantities of water typically required 
to successfully process raw milk. Successfully understanding the water requirements of 
a dairy processing plant the justification for water re-use becomes clear. 
A number of studies exist indicating volumes of water required within the dairy 
processing sector, in 2019 Boguniewicz-Zablocka summarised these indicators of dairy 
plant water in selected countries (Boguniewicz-zablocka, Klosok-bazan and Naddeo, 
2019), this information is presented in Table 2-1.  
The information presented in Table 2-1 illustrates the interpretation by Boguniewicz-
Zablocka of information spanning the years 2000 to 2013. It is apparent from Table 2-1 
that significant variations exist from country to country and within countries, dependant 
on the product being produced and the manufacturing process.  
Table 2-1 Indicators of Dairy Plant Water Consumption in Selected Countries (Boguniewicz-
zablocka, Klosok-bazan and Naddeo, 2019) 
Country 
Indicators 
L Water/ L Milk 
Denmark 2.21 - 9.44 
Poland 3.48 - 9.77 
France 0.2 - 10 
Australia 1.05 - 2.21 
Sweden 0.96 - 4 
Finland 1.2-  4.6 




However, from the Table 2-1 it is evident that in general it requires in excess of 1 L water 
to process 1 L of milk. With the projected future water scarcity outlined in Section 2.1 
the long term sustainability of this use of water is questionable. 
To benchmark and calibrate the data presented in Table 2-1 this research examined 
other studies which examine water use in dairy processing. A study in by 2016 Vasilaki 
examined the water and carbon footprint of selected dairy products, produced in Spain 
(Vasilaki et al., 2016). Here it was found that to produce 1 kg of yogurt required 3.5 litres 
of water, while production of 1 Kg ice-cream requires 5.76 litres water. It was found that 
in terms of direct impact of the plant, cleaning in place (CIP) and cleaning operations of 
processing equipment were responsible for 70% of the water requirements (Vasilaki et 
al., 2016).  
Table 2-1 indicates some results from Australia, when the Dairy Sustainability Report 
2018 was analysed it was reported that Australian water usage, in processing year 
2016/17, was 1.85 million litres of water was required for each million litres of milk 
processed (Australian Dairy Industry, 2018). 
New Zealand is one of the predominant milk processing countries, it is important 
therefore to consider their water usage. An examination of the Fonterra Sustainability 
Report 2018 illustrated that they extracted 54 million cubic meters of fresh water to 
produce 4 million tonnes of finished goods (Fonterra Co-operative Group Limited, 2018). 
This indicates the scale of water requirements to process milk efficiently. Fonterra have 
recognised the requirement to move to a more sustainable water source with their 
target being “to improve water efficiency by 20% by 2020, for several years we have 
been trending in the wrong direction”. In 2018, of the 54 million cubic meters of water 
extracted 46% of this water is from surface water, 35% ground water and 18% municipal 
water and 58.5 million cubic meters of water were discharged (Fonterra Co-operative 
Group Limited, 2018).  
This volume of water discharged to irrigation, river, ocean etc. indicates that the 
potential exists to; recover, reduce and use discharged water in the manufacturing 
process thereby helping demand on water abstraction and also demand on waste water 
treatment plants. However, the recovered material would need to satisfy the required 
standards, this will be further explored in Section 2.7. 
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For now, having looked at the typical water requirements of the dairy industry at a global 
level and established that worldwide dairy is a water intensive industry, it is now 
necessary to examine the Irish context. Water consumption within the Irish Dairy 
Processing sector was examined by Geraghty in 2011, this study examined water usage 
across 15 participating dairy producers and used 2009 data. Geraghty indicated that 
water consumption in these plants of 2.5 m3 water per 1 m3 milk processed (Geraghty, 
2011). These findings are broadly in line with the results illustrated in Table 2-1 above 
by Boguniewicz-Zablocka (Boguniewicz-zablocka, Klosok-bazan and Naddeo, 2019). 
In 2017, Finnegan et al further examined water consumption within the Irish dairy 
processing sector and based on 2012 EPA information calculated water usage to be 2.41 
litres of water per L raw milk (Finnegan et al., 2017b).  
In terms of production processes which are water intensive Finnegan illustrates that 
direct water consumption L per Kg product is as follows: 
Table 2-2 Direct Water Consumption for the various product groups within the Dairy Processing 
Industry in the Republic of Ireland (Finnegan et al., 2017b) 
Product 
Direct Water Consumption 
L/kg product 
Fluid Milk 2.9  
Butter 7.7  
Cheese 27.1  
Cream 2.9  
Milk Powders 19.3  
Whey powders 23.2  
 
From Table 2-2 it is apparent that powder production and cheese production place the 
heaviest demand on water within the processing sector. According to Finnegan, it can 
be stated that water consumption within the Irish dairy processing industry is one of the 
highest of any industry (Finnegan et al., 2017b). As such any technology or process which 
helps promote the recovery and reuse of water will only serve to reduce the impact on 
the environment. Comparing water use within the Irish dairy industry to those 
elsewhere in the world, Table 2-1, Irish dairy industry is broadly in line with industry 
norms, however this does not mean that this position is viable into the future. 
Having explored the demand placed on water abstraction, the following section 
examines how and where this water is used within the dairy processing plants. 
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2.3.2 REVIEW OF WATER USE WITHIN DAIRY PROCESSING 
The previous section illustrates the top level demands dairy processing places on water, 
this section aims to, using literature, understand where this water is currently used. In 
dairy industries, water is and has been a key processing medium. Water is used 
throughout all steps of the dairy industry including cleaning, sanitisation, heating, 
cooling and floor washing (Sarkar et al., 2006).  
Bouguneiwicz -Zablocka et al., in their 2017 study, presents an analysis of two Polish 
dairy processers (Boguniewicz-zablocka, Klosok-bazan and Naddeo, 2019). Table 2-3 
indicates the water requirements for both of these processers.  
Table 2-3 Water Consumption for Dairy Processors Poland (Boguniewicz-zablocka, Klosok-
bazan and Naddeo, 2019) 
Process Processor 1 Processor 2 
 m3 for m3 processed milk 
Milk Pre treatment 0.4 0.3 
Milk Processing and standardisation 0.5 0.8 
Pasteurisation 0.9 0.9 
Cleaning Operations 1.2 1.8 
Employee Sanitary Facilities 0.8 0.8 
 
Examining Table 2-3, it is apparent that while there is some variation in the volumes of 
water required, across both processors cleaning represents a significant proportion of 
the water requirements. 
In 2014 Rad and Lewis examined water utilisation within the Australian dairy industry, 
Figure 2-2 illustrates a breakdown of water used by milk processor as presented by Rad 
and Lewis in their study (Rad and Lewis, 2014). Here it is again apparent that cleaning 
and washing is the major consumer of water within the plant with 54% of water usage 




Figure 2-2 Water Usage Breakdown in a Typical Australian Milk Processing Plant (Rad and 
Lewis, 2014) 
In 2015 Tiwari et al examined water usage at a dairy manufacturer in India, indicated in 
Figure 2-3 below (Tiwari, Behera and Srinivasan, 2016). It is apparent, from this diagram, 
that CIP and cleaning represents the greatest demand on water within the milk 
processes analysed for this study.  
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BREAKDOWN OF WATER USE OF A MILK PROCESSOR
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While cleaning is an integral and important aspect regarding water usage in a dairy plant, 
Ozbay et al. outlines other demands on water within the plant (Özbay and Demirer, 
2007). It is apparent from this diagram, Figure 2-4, that water is required at each phase 
of the milk production process. 
From Figure 2-4 it is apparent that water is required at all stages of a typical dairy 
processing plant. This includes milk intake on site, all storage silos and processing 
equipment. Omitted from the diagram is steam generation. Where water is used as 
boiler feed water and is converted into steam for use in the drying processes.  However, 
as is evidenced by Figure 2-2, Figure 2-3 and Table 2-3 Water Consumption for Dairy 
Processors (Boguniewicz-zablocka, Klosok-bazan and Naddeo, 2019) the highest user of 
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Figure 2-4 Typical water uses and Effluent sources in a Dairy  
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Dairy processing, by its nature, involves the preparation of food stuffs for human 
consumption, it is to be expected that cleaning is a fundamental requirement. Bacterial 
contamination within the processing plant can adversely affect the quality, functionality 
and safety of products produced by the dairy industry. When contamination of dairy 
products occurs evidence suggests that biofilms on the surface of the milk processing 
equipment are a major source (Bremer, Fillery and Mcquillan, 2006). Bio-film control in 
dairy manufacturing generally involves a Cleaning-in-Place (CIP) process, according to 
Sharma, CIP is the most commonly used practices for cleaning and sanitizing food 
processing equipment (Sharma and Anand, 2002).  
The Society of Dairy Technology Manual CIP: Cleaning in Place defines CIP as; 
 “the cleaning of complete items of plant of pipeline circuits without 
dismantling or opening of the equipment and with little or no manual involvement 
on the part of the operator. The process involves the jetting or spraying of surfaces 
or circulation of cleaning solutions through the plant under conditions of increased 
turbulence and flow velocity.” 
(Society of Dairy Technology, 2008) 
The CIP process will typically consist of discrete stages or cycles; 
 Recovery of product residues 
 Pre -rinse 
 Detergent recirculation 
 Intermediate rinse 
 Second detergent recirculation 
 Intermediate rinse 
 Disinfection 
 Final rinse 
In the dairy industry CIP systems generally involve the sequential use of caustic (sodium 
hydroxide) and acid (nitric acid) wash steps. These chemicals are selected to remove 
organic (proteins and fats) and inorganic (calcium-phosphate and other minerals) 
fouling layers (Bremer, Fillery and Mcquillan, 2006). Each stage requires a certain length 
of time, determined by conductivity of the cleaning solution, to achieve an acceptable 
result, this is typically product dependant, process dependent and processor dependant 
(Bremer, Fillery and Mcquillan, 2006). This is monitored closely to ensure optimal 
cleaning was complete and all detergents are rinsed from the vessels and systems before 
and milk production initialises again. It is in these steps that undesirable concentrations 
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of chemicals are introduced into the process. These chemicals are crucial to the cleaning 
process but cause consternation downstream in the waste treatments stages. It is here 
where contaminant may be introduced. 
CIP programs in dairies differ according to whether circuits include cleaning of the 
heating surfaces or not. Accordingly, they can be divided into the following programs:  
A - CIP programs for rotary washing into which are included pasteurisers and other 
equipment containing heating surfaces (UHT, etc.). These can consist of the following 
stages (Bylund, 2015) : 
 Rinsing with warm water for approximately10 minutes 
 Circulation of an alkaline detergent for approximately 30 minutes at 75℃. 
 Rinsing out of alkaline detergent with warm water for about 5 minutes. 
 Circulation of nitric acid solution for about 20 minutes at 70℃. 
 Post rinsing with cold water.  
These times are subject to variation as is evidenced by data presented by Thomas and 
Sathian which suggests a radical variation in duration of 6-45 minutes for the alkaline 
phase and 5-45 minutes for the nitric acid phase. With the final rinse suggested at 5-20 
minutes (Thomas and Sathian, 2014).  
 
B - CIP programs for rotary washing which involve tanks for the reception of pasteurised 
milk with a pipe system (Bylund, 2015).  
 Rinsing with warm water for 3 minutes 
 Circulation of alkaline detergent at 75℃ for approximately 10 minutes 
 Rinsing with warm water for 3 minutes 
 Disinfection with hot water 90-95℃ for 5 minutes 
 Gradual cooling with cold water for 10 minutes. 
The main difference between these two programs and types is in that the acid 
circulation is always included in the first type so as to remove deposits of proteins and 
salts from heating surfaces. CIP rotary washing into which pasteurisers and other 
equipment containing heating surface are grouped is called “hot components” (Memisi 




2.3.3 SECTION SUMMARY 
The above section has examined the use of water within the dairy Industry, it has 
established based on literature current levels of water usage within the sector. It is 
apparent that worldwide, it takes in excess of 1m3 of water to process 1m3 of milk. The 
section has also illustrated that cleaning-in-place represents the highest consumer of 
water within the process. As identified earlier with projected water scarcity using large 
volumes of water to clean equipment represents an unsustainable use of a scarce 
resource.  
Figure 2-5 illustrates typical water sources for a Dairy processing plant, this water is 
currently either abstracted from ground or surface locations with some limited use of 
recycled water (in non-product areas e.g. truck washing). By reducing the demand from 
ground/surface sources and shifting the balance towards more recycled/recovered 
water, the opportunity exists to reduce the overall hydraulic demand on freshwater 
supplies.  
To investigate this potential, it is first necessary to examine the constituent components 
of the raw material, namely milk, to see if sufficient water is present to substitute in for 
abstracted water. This is discussed in the next Section 2.4.  
Figure 2-5 Water Sources and applications in Dairy Industry 
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2.4 MILK CONSTITUENT COMPONENTS 
2.4.1 BACKGROUND 
As discussed in the Introduction Ireland contributes to 4% of the EU production of milk 
and in excess of 30% of all Irish exports are from the dairy industry (Geraghty, 2011). 
Milk and its constituents and bi products are extensively consumed in huge quantities 
on a daily basis.  
The food pyramid suggests about 3 servings of dairy daily for a healthy balanced diet. 
From birth and into golden years experts have told people that milk and its nutrients are 
essential for our bodies to grow and strengthen. It is often taken for granted how these 
products get to our tables, fridges, sandwiches and so on. Milk takes many forms 
including; raw milk, milk powders, cheeses, butter and whey powder to mention but a 
few. Figure 2-6 outlines the path milk takes from farm to factory.  
 
Figure 2-6 Milk; from farm to dairy site 
Milk is “one of the most important commodity entering trades and it is required in 
everyday life as an article of food” (Shete,Bharati & Shinkar, 2013). However, while 
appearing an initially simple product, milk is “a very complex fluid, it contains four 
principle constituents; water, lipids, proteins and lactose and perhaps 100 minor 
constituents (Fox et al., 2016).  
Typically, water represents 85.5% to 89.5% of the composition, lipids (fats) 2.5 - 6%, 
Proteins 2.9 - 5% and Lactose 3.6 - 5.5% (Bylund, 2015). The dry substance is suspended 
in the water, depending on the type of solids there are different distribution systems of 
























Moisture 87%    
Fat 4% X   
Proteins 3.5%  X  
Lactose 4.7%   X 
Ash 0.8%   X 
 
An emulsion is a suspension of droplets of one liquid in another. Milk is an emulsion of 
fat in water. Colloidal Solution is when matter exists in a state of division intermediate 
to true solution (e.g. sugar in water) and suspension (chalk in water) it is said to be 
colloidal solution or colloidal suspensions respectively. The typical characteristics of a 
colloid are as follows: 
 Small particle size 
 Electrical charge 
 Affinity of the particles for water molecules 
In milk the whey proteins are in colloidal solution and casein in colloidal suspension 
(Bylund, 2015). Lipids: according to Jensen, lipids (3-5%) occur as globules emulsified in 
the aqueous phase (87%) of milk. The globules contain nonpolar or core lipids and are 
coated with bipolar materials, phosolipids, proteins, cholesterol, enzymes into a loose 
layer called the milk lipid globule membrane (Jensen, 2002).  
Protein: Milk contains 3.5% protein and contains essential amino acids required by 
humans. There are 2 major categories of milk protein that are broadly defined by their 
chemical composition and physical characteristics. The casein family contains 
phosphorus and will coagulate or precipitate at 4.6 pH. The serum (whey) proteins do 
not contain phosphorus and will remain soluble in milk at pH 4.6. The principle of 
coagulation, or curd formation, at reduced pH is the basis for cheese curd formation. 
Approximately 82% of milk protein is casein and the remaining 18% is whey protein (Milk 
Facts, 2016). Whey, is a by-product of the production of cheese. Due to investments in 
sophisticated processing technology and a greater understanding of human nutrition, 
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Whey Protein Isolate (WPI) with 90% protein is a core ingredient for the sports nutrition 
industry, which was estimated to be worth $10.1 billion globally in 2014 and it is growing 
11% annually (DAFM, 2015). 
Lactose (carbohydrates): Milk contains approximately 4.9% carbohydrate that is 
predominately lactose. Lactose is dissolved in the serum (whey) phase of fluid milk (milk 
fact.com). Indeed lactose is a sugar which is only found in milk (Bylund, 2015). 
 
2.4.2 SECTION SUMMARY 
It is apparent from the above section that milk is indeed a complex product containing 
many different components. Depending on which of these components are to be 
extracted (protein, fat or carbohydrate) a different processing step, sequence and 
technology is required. These processing steps will be outlined briefly in Section 2.5.  
What is common however, in order to extract these key components 87% of the 
material, i.e. the water component, needs to be removed. When we consider this with 
regard to the volume of water required to process 1 m3 of milk, then it is logical that 
research into the recovery and reuse of water extracted from milk is necessary. The 
following section examines typical dairy manufacturing processes with a view to 





2.5 DAIRY PROCESSES 
While each processor will have different varieties of products and potentially different 
processing parameters, in general the plants analysed for this research have broadly 
speaking the same processing steps. 
As can be seen from Figure 2-7 below, milk is collected on site and offloaded to a number 
of storage silos. From here milk is typically separated in a centrifuge, with cream or fat 
globules, which has a lower density than skim milk moving towards an outlet channel, 
and skim milk moving towards a distinct skim milk outlet (Bylund, 2015). Post separation 
the milk is pasteurised and from there released to specific final product related 
processes e.g. cheese, butter, casein and milk powder production. 
 
Figure 2-7 Top Level View of a Typical Dairy Processing Steps 
There are many various iterations that dairy products need to undertake within the 
process. Evaporation and drying processes are two key processes in Powder production. 
Each processing plant processes various powders and the stages involved are elaborated 
in the sections that follow. Other processes such as butter, cheese, casein 
manufacturing have been removed from this literature review but are discussed in 
Appendix C, Section 10.3.2. 
2.5.1 EVAPORATION  
Evaporation is a key process in all milk powder production. The purpose of evaporation 




















milk powder. As the milk becomes more concentrated, its viscosity increases, making it 
difficult to remove water. Therefore the evaporation process is only up to approximately 
50% totals solids (Singh, 2007).  
Milk is introduced at the top of a vertically arranged heating surface and forms a thin 
film that flows down over the heating surface. The heating surface may consist of 
stainless steel tubes or plates. The plates are stacked together forming a pack with the 
product on one side of the plates and steam on the other. In practice multiple effect 
evaporation is usually used, this is illustrated in Figure 2-8. Here evaporators are 
connected in series so that the second can operate at higher vacuum and lower 
temperatures than the first. The steam evaporated from the product in the first effect 
can be used as the heating medium for the second (Bylund, 2015). 
Once excess water or condensate has been evaporated from the milk, it is deemed a 
waste product and while can be used as boiler feed or heating medium for second stage 
evaporation, there is a significant opportunity to reuse this material which is essentially 
water evaporated from the milk. 
 
Figure 2-8 Effect Cassette Evaporator (Bylund, 2015) 
Having evaporated off water present in the milk to an approximate 50% solids content 
level, typically the next phase of the process is to enter the Spray dryer, which is outlined 
in the following section. 
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2.5.2 MILK POWDER PRODUCTION 
Spray drying is a process that transforms concentrate from a fluid state to a dried 
particle form by spraying the feed into a hot drying medium (Keshani et al., 2015). 
Typically spray drying involves 5 steps, this is illustrated graphically in Figure 2-9. Here 
feedstock is introduced to the dryer via an atomisation phase. The atomisation stage 
creates the conditions for evaporation to a dried product. Within the drying chamber 
the atomised liquid is brought into contact with hot air, resulting in the evaporation of 
95% of the water contained in the droplets (Patel, Patel and Suthar, 2009). During the 
drying process the milk power settles in the drying chamber and is discharged at the 
bottom, it is conveyed pneumatically to packaging by cooling air which is drawn in via a 
fan (Bylund, 2015).  
 
Figure 2-9 Simplified Spray Drying Schematic (Patel et al, 2009) 
The type of milk powder produced is obviously dependant on the concentrate supplied, 
with skim milk, whole milk and indeed whey powders of different concentrations 
available. Discussion of other processes are available in Appendix C in Section 10.3.2.  
2.5.3 MILK PRODUCTION PROCESS SUMMARY 
The purpose of this section was to briefly and certainly not exhaustively list some of the 
processing steps involved in transforming milk into its various final products. As is 
evident the processing steps are complex and vary dependant on the product, 
manufacturing process selected and technology employed.  
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It should be noted that each aspect of the production process requires CIP of which 
water is a significant component, this section has also indicated that during the 
evaporation phase, water evaporated from milk is potentially available for reuse. 
This variety of potential processing steps outlined above and the different technologies 
which can be employed, make it difficult to establish the various waste streams 
generated in a typical dairy processing site. The waste stream will obviously be 
dependent on a production process, input materials and technology.  
The next phase of the literature review aims to analyse previous research to understand 
classification of dairy waste streams, to identify limitations in previous work and outline 
areas which this research makes a contribution to knowledge.   
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2.6 DAIRY WASTE STREAMS 
2.6.1 BACKGROUND 
It has been outlined previously in Section 2.3 that significant volumes of water are 
required within the dairy manufacturing process. Correspondingly, therefore, it is logical 
to expect that significant volumes of wastewater are generated within the process. 
According to Demirel the dairy industry is one of the largest sources of industrial 
effluents in Europe with a typical European dairy generates approximately 500m3 of 
waste effluent daily (Demirel, Yenigun and Onay, 2005). Large amounts of wastewater, 
composed of diluted milk (lipid, protein and lactose) and cleaning chemicals (acids, 
alkalis and detergents), are generated in dairy processing plants and represent a waste 
of water and nutrients as well as pollution (Luo, Ding, Qi, Michel Y. Jaffrin, et al., 2011).  
Water plays a key role in milk processing as it is used in every step of the technological 
lines, including cleaning and washing, disinfection, heating and cooling. A major factor 
in the volumetric loading of dairy wastewater treatment plants are the immediate 
discharges produced in the cleaning of tank trucks, pipelines or equipment at the end of 
each cycle. In such cases, the effluent volumes are higher than those of manufactured 
milk (Slavov, 2017).  
As well as daily variations in volumetric loading to wastewater treatment plants, high 
seasonal variations are also encountered frequently and correlate with the volume of 
milk received for processing which is typically high in summer and low in winter months 
(Demirel, Yenigun and Onay, 2005). 
In order to determine if water recovered from potential dairy waste streams can be 
treated to the EU/EPA drinking water standard it is first necessary to determine the 
characteristics of dairy wastewater. The following section outlines previous work in this 
area and discusses the limitations of these studies to indicate the requirement for a 
comprehensive dairy wastewater study. 
2.6.2 DAIRY WASTEWATER CHARACTERISTICS REVIEW 
According to Shete et al the characteristics of dairy effluent depends on the quantity of 
milk being processed and the type of product being manufactured (Shete,Bharati & 
Shinkar, 2013). Section 2.5 has indicated the typical processing steps within the Irish 
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dairy industry, these are typical of the dairy processing sector worldwide. Therefore, 
there is no evidence to suggest that studies performed in other regions could not be 
applied to the Irish context, or vice versa. 
According to a detailed review of this area performed by Demirel in 2005 information 
about the general characteristics of dairy water from full scale operations in literature is 
scarce, with only one comprehensive study identified (Demirel, Yenigun and Onay, 
2005). This study identified by Demirel was a study of 15 milk processing plants in the 
Upper Midwest of the US which was performed by Danalewich et al in 1998 (Danalewich 
et al., 1998).  
In the Danalewich et al study the primary product produced by each of the contributing 
companies was cheese, with secondary products being whey (Danalewich et al., 1998). 
However no milk condensate, membrane plant permeates or effluent discharge were 
included in this study, which represents a significant gap in the information presented.  
BOD, COD, pH and temperature were recorded by Danalewich et al for the 15 different 
plants, however, this was based on composite wastewater samples entering the 
wastewater treatment plant. Therefore, granular detail as to which aspects of the 
process were contributing to the overall characteristics of the waste stream are lacking 
in this study.  
Selected elements in composite wastewater samples were documented, these are 
included in Table 2-5. 





Demirel et al reinforce the effect product selection has on the waste streams, by stating 
different products, such as milk, butter, yogurt, cheese influence the characteristics of 
these effluents. The characteristics also vary greatly depending on the type of system 
and the methods of operation used. In order to illustrate the effect of product mix.  
Demirel et al in their review paper characterised various effluent types by process and 
indicated typical characteristics and elements within the waste streams (Demirel, 
Yenigun and Onay, 2005). 
Table 2-6 and Table 2-7 are extracted from Demirel et al, with the supporting references 
provided in Appendix C, Section 10.3  In total this review paper analysed 11 previous 
publications with specific regard to dairy waste stream classification. As would be 
expected, this research has verified the original sources as presented by Demirel. 
From the data presented by Demirel et al in their review paper it is apparent that there 
is significant variation between the effluent types.  
However, key elements with regard to the EU and EPA drinking water standard such as 
ammonium, nitrate, nitrite, fluoride, chloride are not included in the analysis. This 
represents a significant weakness in previous studies in this area.  
Table 2-6 Characteristics of Dairy Waste (Demirel, Yenigun and Onay, 2005) 
 




Demirel et al also compiled information on the performance of treatment technologies 
focuses on the COD and BOD removal, however no information was presented on the 
ability to treat chemical traces (Demirel, Yenigun and Onay, 2005). 
Shete et al 2013 revisited work by Demirel et al (Shete,Bharati & Shinkar, 2013). Shete 
et al determined key characteristics of dairy waste streams as being: Temperature, 
Colour, pH, Dissolved Oxygen, BOD, COD, Dissolved solids, Suspended solids, Chlorides, 
Sulphates, Oil and grease (Shete,Bharati & Shinkar, 2013). 
A review of literature, presented by Shete and reproduced here in Table 2-8 indicates 
typical characteristics of dairy industrial wastewaters and more importantly the 
characteristics considered by Shete’s study and previous studies in this space. These 
original works were also sourced where possible for verification, a list of these citations 
are included in Appendix C, Section 10.3. 
It is apparent from Table 2-8 that these studies have been restricted to COD, BOD, pH, 
TSS, TS, representing a gap in the available knowledge examining chemical trace 
elements with specific regard to dairy processing.  
Table 2-8 Characteristics of Dairy Wastewaters for various studies (Shete,Bharati & Shinkar, 
2013) 
 
Further work was undertaken in this area by Karadag et al in 2014, it is stated in this 
work once again that wastewater generation and characteristics are significantly 
affected by several parameters such as scale of the factory, type of processing, the 
efficiency and simplicity of methods used for cleaning of equipment, operating 
practices, methods used for effluent disposal, type of water sources and the cost of 
water (Karadag et al., 2015). 
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With regard to specific wastewater characteristics this study presents information 
gathered from a number of sources and is summarised in Table 2-9 below, these sources 
were verified and are included in Appendix C, Section 10.3.  
Here once again, characteristics are limited to pH, COD, BOD, Solids, the review by 
Karadag et al has included Nitrogen and Phosphorus. However, as with previous studies 
characteristics such as; ammonium, fluoride, nitrite, nitrate and chloride, which are 
particularly relevant to the EU and EPA drinking water standard are not included. 
Table 2-9 Dairy Industry Wastewater Characteristics (Karadag et al., 2015) 
 
From this review of available literature it is apparent that there is a gap in the presented 
information with regard to classification in relation to drinking water standards. 
Seasonality is also a factor which is not given significant investigation in previous studies.  
An interesting point made by Slavov et al 2017 is that effluents originating from various 
production technologies are not discharged simultaneously, thus forming a stream with 
wide qualitative and quantitative variations (Slavov, 2017). In essence the predictability 
of the waste stream is difficult as when certain products are being produced, when 
certain aspects of the plant are being CIP and when parts of the plant are non-
operational will influence the load to the effluent plant. This is supported by Suarez et 
al who states that traditionally, effluents from the different dairy processes are collected 
and treated simultaneously on-site or in municipal sewage treatment plants (Riera, 
Suárez and Muro, 2013).  
However, if it is possible to characterise the waste streams from various aspects of the 
plant, prior to entering the transport line to the effluent plant and prior to being 
contaminated with other waste streams then targeted treatment techniques to 
maximise water recovery may be viable.  
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As indicated by Suarez et al optimal treatments could be achieved by segregating 
streams, where separation of low-concentration wastewaters would result in energy 
savings, lower costs and improved efficiency regarding treatment, discharge and reuse 
(Suárez, Fidalgo and Riera, 2014). 
Once such waste stream may be processing water. According to Slavov processing water 
is formed in the cooling of milk in special coolers and condensers, as well as condensates 
from the evaporation of milk or whey (Slavov, 2017).  
Milk and whey drying produces vapours which form the cleanest effluent after 
condensation although it may contain volatile substances as well as milk or whey 
droplets from evaporators (Slavov, 2017). In general, processing waters lack pollutants 
and, after minimal pre-treatment, they can be reused or discharged together with storm 
water.  
Slavov states that water reuse is possible for installations that are not in direct contact 
with derived products with typical applications include hot water and steam production 
as well as membrane cleaning (Slavov, 2017). However, if the recovered water satisfied 
the EU and EPA drinking water standard, then theoretically it may be possible to reuse 
water in aspects of the process which are in direct contact with product. 
Table 2-10 below illustrates Slavov’s summary of available publications in this space. 
Again these citations have been verified, where possible, a complete list is included in 
Appendix C in Section 10.3. 
From the table the variation in the various waste streams are apparent, the wide range 
of pH levels, COD and Total Solids continent access the various waste streams is evident 
from the table.  When selecting recovery systems it is therefore obvious that the 
selected system is capable with dealing with wide variations across a number of waste 
streams. 
However, once again missing from this per assessed review of previous works are key 
chemical characteristics such as ammonium, fluoride, nitrite, nitrate and chloride. This 
indicates a significant gap in previous research which this thesis will address in Chapter 
5.   
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2.5 3, 15, 24 
Condensate 8.3 – – – – – 0.0006 0.0001 – 23 
Washing 
wastewater 
10.37 3.47 14.64 3.11 – 3.82 – – – 20 
2.6.3 SECTION SUMMARY 
From the above review of the available literature it is apparent that while attempts have 
been made to classify dairy waste streams in the past, significant work remains in this 
area in order to determine suitability for use as water source.  
A weakness in previous research is that no earlier work has examined the dairy waste 
streams in relation to the requirements of the EPA drinking water standard. 
Another weakness is that there is currently no classification in terms of the chemical 
parameters as outlined in the EPA drinking water standards. Existing research has 
focused on the more traditional aspects of classification but has neglected areas such as 
ammonium, nitrite and nitrate among others. 
In order to understand the importance of these and other criteria the following section 
outlines an examination of drinking water standards in greater detail.  
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2.7 WATER STANDARDS 
2.7.1 BACKGROUND 
As outlined in previous sections the volume of water required within the dairy 
processing industry is unsustainably high, however large volumes of wastewater are 
generated within the process. This section examines the level of water cleanliness 
required to achieve drinking water classification. 
Contamination of freshwater resources by naturally occurring phenomena or chemical 
wastes due to rapid industrial growth and urbanisation is one of the major ecological 
concerns of the contemporary world. The biggest water pollutants are heavy metals, 
nitrates, arsenic, fluoride and synthetic chemical emissions especially due to industrial 
discharge. Quality of drinking water has a major influence on public health and prolong 
exposure to contaminated water has been known to increase the risks of cancer 
(Wasana et al., 2017) Protection of source water quality which plays a key role in 
providing safe drinking water usually requires the combined efforts of many partners 
such as water resource managers, industrial plants, water supply systems, communities 
and the public (Abtahi et al., 2015).  
The purposes of this research is not to simply summarise and report water quality to the 
public but rather to understand how recovered water can be used within the dairy 
process it was necessary to understand the current regulatory environment and specific 
requirements of the legislation.  
To indicate the importance water quality plays in the overall political and environmental 
space there are numerous water quality standards worldwide, listed here are a few 
examples. 
 China’s, GB5749-2006, Standard Drinking Water Quailty, has become effective 
since 2012 (Ministry of Health China and Standardization Administration of 
China, 2007).. Within this standard a total of 106 contaminates are listed.  
 US Safe Drinking Water Act (SDWA) passed in 1974 with amendments in 1986 
and 1996 which lists 90 different contaminates.  
 EU directive which lists 48 parameters which must be monitored and tested 
regularly. According to the EU, World Health Organisation guidelines for drinking 
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water and the opinion of the commission’s scientific advisory committee are 
used as the scientific basis for the quality standards.  
When examining the EU potable water standards there are a number of distinct 
parameters the water is analysed for (European Union, 2014), namely; 
 Microbiological Parameters 
 Chemical Parameters 
 Indicator Parameters 
 Radioactivity 
This research is focused on the ‘EU Council Directive 98/83/EC of 3 November 1998 on 
the quality of water intended for human consumption’ as this directly impacts the 
operations of the Irish dairy processers. While the following section outlines this 
standard in detail it commences with a comparison of various international standards. 
 
2.7.2 POTABLE STANDARDS WORLDWIDE  
As outlined previously water usage worldwide is increasing, demand for water is 
increasing, and indeed more accurately the demand for clean drinking water is 
increasing. To this end, it is typical that various regulatory environments, i.e. countries, 
will enforce drinking water standards to help ensure the quality of water for its citizens. 
The following section outlines a number of these standards, selected from various 
countries based on different regulatory requirements, different levels of water demand 
and different cultures. To help categorisation and comparison it was decided to use the 
EU directive parameter classification, outlined in the previous section. 
Table 2-11 Microbial Parameters in Various Water Standards Directives 
Parameter Units Ireland EU China USA  New Zealand India 
Escherichia coli  
(E. coli) 
Number per 100ml 0 0 0 0 <1 0 
Enterococci Number per 100ml 0 0 0 0   0 
 
It is clear from Table 2-11 above that no microbial contamination is acceptable in 
drinking water for human consumption globally. This is not surprising but can be 
reported in differing manners depending on the standard. For example; the Chinese 
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Standard States; ‘ athogenic microorganisms should not be contained in the drinking 
water’, whereas the American SDWA states ‘no faecal coliforms are allowed’. 
Table 2-12 shows the chemical contaminants limitations in a number of country’s 
drinking water standards. 
Table 2-12 Chemical Parameters in Various Water Standards Directives 
Parameter Units
k 
Ireland EU China USA  New 
Zealand 
India 
Acrylamide mg/l 0.0001 0.0001 0.0005 TT2 0.0005 Not 
listed 
Antimony mg/l 0.005 0.005 0.005 0.006 0.02 Not 
listed 
Arsenic mg/l 0.01 0.01 0.01 0.1 0.01 0.01 






0.00001 0.0002 0.0007 Not 
listed 
Boron mg/l 1 1 0.5 - 1.4 0.5 
Bromate mg/l 0.01 0.01 0.01 0.01 0.01 Not 
listed 
Cadmium mg/l 0.005 0.005 0.005 0.005 0.004 0.003 
Chromium mg/l 0.05 0.05 0.05 0.1 0.05 0.05 
Copper mg/l 2 2 1 1.3 2 0.05 
Cyanide mg/l 0.05 0.05 0.05 0.2 0.6 0.05 




0.0001 0.0004 TT2 0.0005 Not 
listed 
Fluoride mg/l 1.5 1.5 1 4 1.5 1 
Lead mg/l 0.01 0.01 0.01 0.015 0.01 0.01 
Mercury mg/l 0.001 0.001 0.001 0.002 0.007 0.001 
Nickel mg/l 0.02 0.02 0.02 - 0.08 0.02 
Nitrate mg/l 50 50 10 10 50 45 






  Not 
Listed 
Note 1 Not 
listed 
Pesticides-Total mg/l 0.0005 0.0005   Not 
Listed 
Note 1 Not 
listed 






- Not Listed Not 
listed 
Selenium mg/l 0.01 0.01 0.01 0.05 0.01 0.01 
Tetrachloroethene & 
Trichloroethene 
mg/l 0.01 0.01 0.06   0.05 Not 
listed 
Trihalomethanes - Total mg/l 0.1 0.1       Not 
listed 
Vinyl chloride mg/l 0.0005 0.0005   0.02 0.0003 Not 
listed 
Note 1: * New Zealand multiple categories for pesticide >40 individual instances 
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For comparison, all units have been converted to mg/l, in some cases for example 
Arsenic this is listed as µg/l in the EU standards. In Chapter 3 where these results are 
explored the units are in the format as set by the EU standard. Table 2-13 below 
continues the parameter comparison.  
Table 2-13 Indicator Parameters in Various Water Standard Directives 
Parameter Units Ireland EU China USA New 
Zealand 
India 
Aluminium mg/l 0.2 0.2 0.2 not 
Listed 
0.1 0.03 
Ammonium mg/l 0.3 0.3 not 
Listed 
- not Listed not 
Listed 







0 0 0 Not 
listed 
not Listed 0 
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7-8.5 ≥6.5 ≤ 
8.5 
Iron mg/l 0.2 0.2 0.3 0.3 0.2 0.3 
Manganese mg/l 0.05 0.05 0.1 0.05 0.1 0.1 























Oxidisability mg/l O₂ 5 5 5 Not 
Listed 
Not Listed Not 
Listed 
Sulphate mg/l 250 250 250 250 250 200 
Sodium mg/l 200 200 200 30-60 200 Not 
Listed 




























Table 2- 13 (cont’d) Indicator Parameters in Various Water Standard Directives 




































* USA Odour Threshold: Concentration at which the majority of consumers do not notice an adverse odour 
in drinking water         
* Taste Threshold: Concentration at which the majority of consumers do not notice an adverse taste in 
drinking water         
 
These standards used in this section can be viewed in Table 2-14. 
Table 2-14 References for International Standards Compared 
Location Standard Title Reference 
Ireland Drinking Water Quality in Public Supplies 
US Environmental Protection 
Agency, 2018 
EU Drinking Water Regulations European Union, 2014 
China 
GB5749 Standards for Drinking Water 
Quality 
Ministry of Health China and 
Standardization 
Administration of China, 
2007 
USA Guidelines for Drinking Water Quality 
World Health Organisation, 
2006 
New Zealand 
Guidelines for Drinking-water Quality 
Management for New Zealand 
Ministry of Health NZ, 2017 
India IS-10500 Drinking Water Standards 





2.7.3 SECTION SUMMARY 
Table 2-12 to Table 2-14 in this section indicate that in general, despite the different 
cultures, different demands on water and different availability of water, water 
cleanliness is a key concern for these regions. From an analysis of the tables above 
broadly speaking the standards are similar, it can be stated therefore that an ability to 
recover water to an acceptable level in Ireland may be transferable to these other 
regions. Having examined some of the requirements, it is now necessary to focus 
attention on the requirements under which the Irish Dairy processing sector operates.  
 
2.8 WATER QUALITY REQUIREMENTS IRISH CONTEXT  
As a member of the European Union Ireland is expected to operate under the required 
EU standards, according to Regulation No 178/2002 of the European Parliament, which 
lays down the general principles and requirements of food law,  
‘Food’ includes drink, chewing gum and any substance, including water, 
intentionally incorporated into the food during its manufacture, preparation or 
treatment”  
(European Union, 2002) 
As such water used in the Irish Dairy processing sector, which may be used to rinse 
production lines, flush production lines, used within the CIP process or in any other part 
of the process is deemed to be “food”. 
The Food Safety Authority of Ireland (FSAI) indicates that the quality of water used by 
food processes must therefore meet the basic standards governing the quality of 
drinking water, i.e. potable water intended from human consumption as set of in 
(European Union, 1998) 
This directive is implemented in Ireland under the EU drinking Water Regulations 2014 
(S.I. No 122 of 2014) (European Union, 2014) which were subsequently amended in 2017 
(S.I. No 464/2017) (European Union, 2017). The 2017 amendment includes an updated 
list of chemical and microbiological parameters.  
In Ireland, Irish Water is responsible for the production, distribution and monitoring of 
water from over 900 public supplies. However, after the point of compliance, the food 
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business operator is responsible for the maintenance and verification of the quality of 
water supply they use. As outlined previously water used needs to comply with the 
European Union Drinking Water regulations (European Union, 2014). The Irish 
Environmental Protection Agency (EPA) carries out audits of public drinking water 
supplies. 
Previously in Section 2.2 it has been established that water scarcity is a significant 
problem and in Section 2.4 that a significant proportion of milk is water. In Section 2.6 
previous work on classification of dairy waste streams was presented however that work 
did not consider reuse within the process as a viable alternative. If the dairy processing 
industry wishes to reuse process water within the manufacturing process, it is apparent 
from the Food Standard that this water needs to satisfy drinking water standards. 
Currently water for the dairy industry is provided from ground or surface sources 
(Section 2.3) regardless of water source the Dairy processor is responsible for the quality 
of water. If drawing water from Private Water supply or group water supply the EPA 
recommends that check monitoring plus any of the 48 individual tests identified by the 
local authority through its own risk assessment as requiring testing, is carried out at least 
twice per year. (Food Safety Authority of Ireland, 2015). 
Typically Irish Dairy processers will send samples for full testing, to ensure adherence to 
the standards, up to 4 times per annum.  
It can therefore be summarised that Irish Dairy producers are required to operate under 
the EU drinking water standard when using water within the process. This water must 
comply with the microbiological, indicator and chemical parameters of the standard and 
must be subjected to testing at the intervals indicated by the standard. It is logical to 
suggest therefore that any recovered water, which may be used within the process, 
should follow these procedures and at a minimum meet these standards.  
The following section examines the current requirements organisations must satisfy 




2.8.1 WATER ABSTRACTION  
According to the EU directive “abstraction” means the doing of anything whereby water 
is removed or diverted by mechanical means, pipe, or any engineering structure or 
works from any part of the water environment, including anything whereby the water is 
so removed or diverted for the purpose of being transferred to another part of the water 
environment. It is a requirement of the legislation, SI no. 261 of 2018, that the EPA shall 
establish and maintain a register of abstractions of water where in excess of 25 m3 of 
groundwater or surface water per 24 hour period (European Union, 2018). 
It is the responsibility of the organisation who extracts 25 m3 or more within a 24 hour 
period to document this extraction and furnish this information to the Regulatory 
agency. The agency will then publish abridged details as it sees fit (European Union, 
2018). 
The abstraction registration aims to capture date on the volume of water removed from 
ground and surface water supplies, this will then be tallied with information on 
discharges to identify if there are areas when water abstraction has become 
unsustainable. As indicated in Section 2.3 Irish dairy processors obtain their water from 
both ground and surface sources and as such need to comply with this EU requirement. 
As well as abstraction licencing, dairy processors are also required to work within EU 
discharge licences, as outlined in the following section.  
 
2.8.2 DISCHARGE LIMITS 
A fundamental aspect of the EU Directive 2000/60, establishing a framework for 
community action in the field of water policy, that all member states shall ensure that 
all discharges referred to in the directive into surface waters are controlled in 
accordance with the directive (European Union, 2000).  Dependant on the discharge 
point (river, lake, coastal waters, others) there are certain aspects of the directive which 
applies.  
European Council directive 91/271/EEC concerns urban waste water treatment. This 
directive Article 12 states that biodegradable industrial waste water from plants 
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belonging to certain industrial sectors, with the Dairy Industry being named specifically, 
shall;  
“before discharge respect conditions established in prior regulations and/or specific 
authorisation by competent authority”. (European Union, 1991) 
Within this directive certain concentrations are outlined as follows: 
 BOD 25mg/l with a reduction of 70-90% on the load of the influent. 
 COD 125 ml/l with a 75% removal on the load of the influent. 
 Total suspended Solids, 35 mg/l with a 90% removal on the load of the influent. 
 Phosphorus 1-2 mg/l 80% reduction 
 Nitrogen 10-15 mg/l 70-80% reduction. 
With specific regard to the dairy Processing Sector, the EPA has generated a Best 
Available Technology (BAT) Guidance Note, See Table 2-15. .  
Table 2-15 Emission limits within the Irish Dairy Processing Sector outlined by the 
Environmental Protection Agency (Environmental Protection Agency, 2018) 




Number of Toxicity Units (TU) 5 
BOD >90% removal3 or 20-40 mg/l 
COD >75% removal3 or 125-250 mg/l 
Suspended Soilds 50 ml/l 
Total Ammonia (as N) 10 ml/l 
Total Nitrogen (as N) >80% removal3 or 5- 25 ml/l 
Total Phosphorus (as P) >80% removal3 or 2-5 ml/l 
Oils, Fats and Grease 10-15 mg/l 
Mineral Oil (from interceptor) 20 mg/l 















Achieving these discharge limits is fundamental to the Irish dairy industry, however as is 
illustrated from the above limits, achieving these limits would not ensure drinking water 
quality. Further treatment is required before water currently being discharged could be 
adopted for use within the process. 
45 
 
2.8.3 SECTION SUMMARY 
The above section has examined the regulatory framework within which Irish dairy 
processors operate. By targeting suitable individual waste streams for treatment it may 
be possible to achieve a number of objectives: 
a) Reduce overall hydraulic abstraction requirements by reusing recovered water 
within the process. 
b) Reduce discharge loading to rivers, streams and lakes through the promotion of 
reuse of recovered water. 
c) Reduce overall hydraulic loading on waste water treatment plants thereby 
helping to achieve discharge licence targets. 
 
However, this will only be viable if the intervention mechanism selected achieves EU 
drinking water cleanliness levels, if not then there will be no possibility to reuse water 
within the process.  The following section outlines some wastewater treatment options 




2.9 WASTE WATER RECOVERY 
As has been indicated in Section 2.2 Water use Global, water worldwide is a scarce 
commodity and the dairy processing sector is quite water intensive. As outlined in the 
objectives this research aims to investigate the possibility of reducing the demand from 
natural water sources by through utilising recovered water from the dairy processing 
process. This section will examine potential mechanisms of recycling, cleaning this 
process water and investigate their suitability for further consideration within the 
research experimental phase.  
According to Das, to address the need for pure water, various water treatment 
technologies have been proposed and applied (Das et al., 2014). These fall into a number 
of categories, primary, secondary and tertiary, the various techniques in each phase are 
illustrated graphically in Figure 2-10. 
 
Figure 2-10 An Illustration of the Classification of Chemical Treatment and Water Recycling 
Technologies (Gupta et al., 2012) 
The following section outlines the key principles of these processes briefly and indicates 
their suitability for consideration in the experimental phase of this research. 
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2.9.1 PRIMARY WASTEWATER TREATMENT 
Primary treatment includes preliminary purification processes of a physical and chemical 
nature, while secondary treatment deals with the biological treatment of waste water. 
In tertiary treatment processes, wastewater is converted into good quality water that 
can be used for different types of purpose i.e. drinking industrial etc. (Gupta et al., 2012).  
Table 2-16 outlines a summary of the key characteristics of primary wastewater 
treatment technologies. 
Table 2-16 Water Treatment for Recovery Characterisation (Gupta et al., 2012) 
Process Key Characteristics 
Screening Purpose of screening is to remove the solid waste present in the 
wastewater and it is used for the removal of pieces of cloth, paper, 
wood, cork, hair, fiber, etc. from wastewater. 
Centrifugal Separation Centrifugal separation is used to remove suspended non-colloidal 
solids (size up to 1 μm). 
Sedimentation & Gravity 
Separation 
Suspended solids, grits and silts are removed by allowing water to 
be undisturbed/semi-disturbed for different time intervals in 
various types of tank. The suspended solids settle under the 
influence of gravity Water treated in this process is used for 
industrial water supply, water for ion exchange and membrane 
processes  
Coagulation If the suspended solids do not settle down under the sedimentation 
and gravity method and, hence, non-settable solids are allowed to 
settle by the addition of certain chemicals. This is coagulation. Alum, 
starch, iron materials, activated silica and aluminium salts are 
available for use in this process  
Flotation The suspended solids, oils, greases, biological solids etc. are 
removed by adhering them with either air or gas in the flotation 






While each dairy plant preforms primary treatment on current waste streams, primary 
treatment was not considered for this research for a number of reasons. 
 Wastewater samples obtained directly from the process, therefore, no 
opportunity for solids such as hair, wood, grit etc to enter and contaminate the 
waste stream. Making this step redundant. 
 Addition of chemicals to encourage coagulation or flotation through 
sedimentation entails higher operational costs and demands greater attention 
on the part of the operator (Zeman, 2012) 
 Purpose of primary filtration is essentially to remove solids, trace elements of 
chemicals present in the wastewater will not be removed using this process.  
 Centrifugation is an expensive and relatively complex procedure (Scott and 
Hughes, 1996).  
 One of the main drawbacks of using chemical coagulation is the large amount of 
residual sludge formed at the end of the process (Bilyeu, 2018). 
 These processes are typically used in series, it is desirable to investigate a 
process which can accomplish drinking water standards in one step. 
Primary treatment is therefore not considered for further investigation within this 
thesis, the following section outlines secondary treatment mechanisms. 
2.9.2 SECONDARY WASTEWATER TREATMENT 
Secondary water treatment includes biological routes for the removal of soluble and 
insoluble pollutants by microbes. Biological treatment includes aerobic and anaerobic 
digestion of wastewater. Microbes usually bacterial and fungal strains, convert the 
organic matter into water, carbon dioxide and ammonia gas. Table 2-17 outlines the 
characteristics of secondary treatment mechanisms (Gupta et al., 2012). 
Table 2-17 Water Recovery Techniques including Aerobic and Anaerobic digestive methods 
Process Key Characteristics 
Aerobic 
When air or oxygen is freely available in dissolved form in 
wastewater then the biodegradable organic matter undergoes 
aerobic decomposition, caused by aerobic and facultative bacteria   
Anerobic 
This method is used to reduce the biological load of wastewater and 
is used if free dissolved oxygen is not available in the wastewater  
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Each dairy manufacturer involved in this research has an aerobic treatment plant, while 
some have supplementary anaerobic systems. However, secondary treatment 
techniques were not considered for investigation in this research for the following 
reasons. 
 Aerobic method produces a large quantity of bio-solids which require further 
treatment and management (Gupta et al., 2012). 
 In order to disinfect wastewater secondary treatment involves chlorination, in 
the selective destruction of disease causing organisms (Guyer, 2011)  
 The objective of secondary treatment is the reduction of BOD through the 
removal of organic matter, primarily in the form of soluble organic compounds 
remaining after primary treatment (US EPA, 2008). 
As the focus of secondary treatment is the reduction of BOD and COD, and often 
requires the addition of chemicals rather than focusing on the removal of trace 
chemical elements these methods of treatment were not considered for inclusion in 
this research.  The following section examines the remaining treatment option, 
tertiary wastewater treatment. 
 
2.9.3 TERTIARY WASTEWATER TREATMENT  
According to Gupta, tertiary water treatment technologies are used to obtain safe water 
for human consumption, therefore it is logical that these are the focus of this research. 
From Figure 2-18 there are a number of potential options which could be considered 
including, but not limited to; distillation, crystallisation, evaporation, ion exchange, 
micro and ultra-filtration, reverse osmosis and absorption. However, before expanding 
on these individual techniques, it is useful to see how tertiary wastewater treatment is 
currently employed to recover wastewater to drinking water levels.  
The following case study is outlined to provide context and to help provide justification 




2.9.4 WATER REUSE CASE STUDY 
It is apparent from previous sections that water is limited resource in an expanding 
global economy and population. Many water resource professionals believe that 
reclaiming water after it is treated in a modern waste water treatment plant is an 
important and underutilised element of sustainable water resource management. 
Water reuse for non-potable (e.g., irrigation, industrial) or indirect potable (e.g., 
discharge into drinking water reservoirs or supply) purposes has been considered across 
the United States (Hartley, 2006). 
Process and manufacturing industries consume substantial amounts of water which in 
turn generate considerable amounts of wastewater. For water reuse, contaminants that 
require treatment over and above what is provided by conventional biological treatment 
include suspended solids, microbial contaminants, nutrients, trace dissolved 
contaminants and, in certain cases, dissolved salts (Côté, Masini and Mourato, 2004). 
The amount of wastewater discharged is dependent on the amount of freshwater 
consumed, minimising the freshwater consumption is associated with minimising the 
wastewater discharge (Halim, Adhitya and Srinivasan, 2015). This applies to all industries 
including dairy processing, which is known to consume large amounts of water 
(Buabeng-Baidoo et al., 2017). 
Many efforts are being made within the industry to minimise water consumption as well 
as wastewater generation. Singapore has succeeded in developing, NEWater, which is 
the brand name associated with reused or regenerated wastewater. NEWater is 
produced from treated sewage, termed ‘used water’ that is further purified using 
advanced membrane technologies and ultraviolet disinfection. This NEWater is supplied 
to industries for direct non-potable use (DNPU) and indirect potable use (IPU) (Lee and 
Tan, 2016). The reclaimed water (NEWater) is of high purity, i.e. it surpasses standards 
set out by the World Health Organisation Drinking Water Quality Guidelines (World 
Health Organization, 2018). 
Amul is the largest food brand of India majoring in production of milk and milk products. 
This dairy processes 1800 m3 of raw milk per day for which it requires an average of 1600 
m3 of water per day (Buabeng-Baidoo et al., 2017). The CIP processes accounts for nearly 
75% of the total water consumption; the rest is used in operations such as boiler feed 
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and cooling tower makeup (Buabeng-Baidoo et al., 2017). The raw milk intake area, 
which comprises of; tankards, silos, pasteurisers and some other processing equipment, 
requires nearly 90% of the total water used in CIP at regular intervals to maintain 
cleaning and hygiene standards 
With the introduction of NEWater in 2003, the approach of using reclaimed water to 
replace potable water for non-potable use was continued: NEWater was and continues 
to be supplied mainly for DNPU in water-intensive industries such as; microelectronics 
industry, power generation and petrochemical industries, as well as in commercial and 
public buildings for air-con cooling towers (Lee and Tan, 2016). 
However, NEWater, which surpasses drinking water standards, is also able to 
supplement the potable water supply through IPU by injecting NEWater into the 
reservoirs and allowing it to mix with rainwater before further treatment to potable 
water. At most times, the NEWater used for IPU constitutes a small proportion of water 
demand, but this can be increased substantially when larger quantities of NEWater are 
injected to supplement reservoir supply during dry spells. NEWater is costlier to produce 
than Industrial Water because it requires additional treatment steps, comprising reverse 
osmosis (RO) filtration and ultraviolet (UV) disinfection, to achieve its high quality. 
NEWater is 48% more expensive to produce compared to industrial water (Byrne et al., 
2019) (Public Utilities Board (PUB), 2017), and both tariffs are set so as to recover the 
full cost of the respective products. Nevertheless, its wider range of application and 
ability to enhance water security through IPU make NEWater the preferred option over 
Industrial Water for water reuse. PUB has expanded NEWater supply capacity over the 
years to be able to meet up to about 30% of Singapore’s total water demand (Public 
Utilities Board (PUB), 2014). Figure 2-11 below illustrates the variation between 
traditional industrial waste water treatments and NEWater production as demonstrated 





Figure 2-11 Traditional Wastewater Treatment Vs NEWater Process (Lee and Tan, 2016) 
The critical surrogate parameters used in the NEWater plant are total organic carbon 
(TOC) and conductivity. They are measured from the RO permeate and after the product 
water storage tank. The TOC in NEWater is sensitive to any breach in RO membrane 
integrity and source water contamination by volatile organic carbons. Conductivity is 
indicative of the salt content of the permeate water and correlates well with membrane 
integrity. Using these indicators together, the operator can determine whether 
deviations in permeate quality are more likely to be due to source water contamination 
or membrane integrity problems and take the necessary steps to restore water quality. 
NEWater plants also have the ability to recycle the RO permeate to dilute and maintain 
product water quality within the baseline range (Lee and Tan, 2016). Figure 2-12 outlines 
the flow of material through the system and indicates the removal attributes of each 
phase. Here it is apparent that filtration offers the ability to remove suspended solids, 
bacterial and dissolved organic substances (among others) and ultimately the process 





Figure 2-12 Multiple barrier approach to NEWater production (Lee and Tan, 2016) 
It is apparent that the above system, focused on filtration and Reverse Osmosis can 
achieve drinking water standards, based on the above influent. However it is preceded 
by primary and secondary filtration mechanisms in this instance.  
Filtration therefore, based on this case study, is worthy of deeper investigation in order 
to determine if suitable for processing dairy waste streams in order to achieve drinking 




2.10 FILTRATION MECHANISMS  
2.10.1 BACKGROUND 
As indicated in the previous section filtration mechanisms have been successful used to 
generate drinking water based on treatment of influent, this section aims to outline the 
principle operational characteristics of these filtration mechanisms, indicate their 
potential suitability for use within the dairy sector and outline potential issues with their 
use. 
Membrane filtration allows the passing of water solvent but rejects solutes, gases, fluids 
and various particles present in the polluted water. Reverse Osmosis (RO), Nano 
Filtration (NF), Ultra Filtration (UF) and Micro Filtration (MF) are pressure driven 
membrane processes with are frequently applied in water treatment plants (Khin et al., 
2012).  
In order to better decide optimal filtration methods it is essential to realise the 
characterisation of the waste stream. Water alone is a clear solution, it is can comprised 
of some dissolved chemicals. A suspension is normally a more cloudy material and 
particles can be seen ‘floating’ within the liquid. A Colloid is between a solution and 
suspension and thus particles contained in it are larger than in a solution but smaller 
than that of a suspension. Table 2-13 and Figure Y below compare and demonstrate 
these characteristics.  
Table 2-18 Characteristics of Suspensions, Solutions and Colloids 
Property Solution Colloid Suspension 
Particle Size < 1nm 1 -100nm >100nm 
Appearance Clear Cloudy Cloudy 
Filterability Passable Passable Impassable 





Figure 2-13 The Tyndall Effect of Light through a Solution, Colloid & Suspension 
As mentioned in Section 2.6 previously, dairy waste streams can contain; milk particles 
and chemicals from cleaning procedures. Thus waste streams can be a suspension, a 
colloid and/or solutions all at once. This section investigates various filtration 
mechanisms and their ability to perform under varying conditions, such that can be 
present in varying dairy processing waste streams.  
In pressure driven membrane processes a pressure exerted on the solution at one side 
of the membrane serves as a driving force to separate it into a permeate and a retentate. 
The permeate is usually pure water, whereas the retentate is a concentrated solution 
that must be disposed of (Van Der Bruggen et al., 2003).  
Water treatment systems typically involve a series of coupled processes, each designed 
to remove one or more different substances in the source water, with the particular 
treatment process being based on the molecular size and properties of the target 
contaminant (Khin et al., 2012) i.e. solution vs colloid. Illustrated in Figure 2-14 below. 
 




According to Howe and Clark, among the advantages of membrane technology is the 
high degree of reliability in removing dissolved, colloidal and particulate matter, 
selectivity in size of pollutants to be removed and the possibility of very compact 
treatment plants (Howe and Clark, 2002).  
NF membranes removed all particulates present in feed water such as dissolved 
inorganic solids hydrated divalent ions and other higher complexes and low TDS and 
COD. Briao et al states that although ultrafiltration can retain protein and fat from dairy 
wastewater, nanofiltration and reverse osmosis have greater potential for dairy 
wastewater treatment because they can retain lactose, protein and fat to reduce the 
chemical oxygen demand COD (Brião et al., 2019). An examination of filtration in dairy 
processing will be expanded on in Section 2.9.8, for now this section focuses on the 
characteristics of the technology.  
Table 2-19 illustrates the characteristics of the different membrane systems, here it is 
apparent that depending on the influent material the various filtration systems can 
reject different contaminants. For example RO being able to reject monovalent ions 
while the others are not capable of this level of rejection. However the trade-off comes 
with a significantly reduced permeability. As the pore size of the filter is reduced the 
permeability is also reduced.  














< 1,000 10-1,000 1.5 - 30 0.05-1.5 
Pressure (bar)- 0.1 – 2 0.1 – 5 3 -20 5 – 120 
Pore size (nm) 100 – 10,000 2 - 100 0.5 - 2 <0.5 
Monovalent ions 
Rejection 
- - - + 
Multivalent ions 
Rejection 
- -/+ + + 
Small organic 
compounds Rejection 
- - -/+ + 
Macromolecules 
Rejection 
- + + + 
Particles Rejection + + + + 



















The following section elaborates briefly on the various filtration systems outlined above 
in Table 2-19 and indicates justification for their inclusion (or not) in the experimental 
phase of this research. 
2.10.2 MICROFILTRATION 
It has already been established in, Section 2.4, that proteins, carbohydrates, nucleic 
acids and lipids are the four major classes of biological macromolecules. From a review 
of Table 2-19 in the previous section it is apparent that microfiltration is not capable of 
rejecting macromolecules. Therefore, as milk waste streams will contain these 
microfiltration was not considered for further investigation, the remaining three 
filtration systems were outlined in Table 2-19 are elaborated on below.  
2.10.3 ULTRAFILTRATION 
Ultrafiltration or UF in its abbreviated format was originally developed as a fractionation 
technique in the late 1960s (Shi et al., 2014). UF covers the region between MF and RO 
and is used to remove particles in the size rage 0.001-0.02 µm, Solvents and salts of low 
molecular weight will pass through the membranes whilst larger molecules are retained 
(Scott and Hughes, 1996). 
Ultrafiltration has many advantages when compared with conventional processes such 
as clarification and disinfecting which include (Xia et al., 2004): 
 Compact process and plant 
 Separation takes place by size exclusion 
 Invariable quality of produced water 
 Easy automation 
 Constant production and water quality independent of feed water quality.  
According to Fersi, UF is effective as a single step treatment of secondary textile 
wastewater (Fersi and Dhahbi, 2008). Undeniably, UF technology is recognised by the 
water industry as a very attractive process for producing drinking water from waste 
water streams.  
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UF membranes are physical barriers that are able to efficiently remove suspended 
particles and colloids, turbidity, bacteria, algae, parasites and viruses for clarification and 
disinfection purposes (Mateus et al., 2017).  
According to Scott, commercial UF membranes are asymmetric, with a thin skin of some 
0.1-1 µm thick, of the fine porous texture exposed to the feed side. The skin is supported 
on a highly porous layer some 50-250 µmm thick, which combines to give the unique 
requirement of high permeability and permaselectivity (Scott and Hughes, 1996). 
The separation mechanism of UF filters is classified as a sieving action where an increase 
in applied pressure increases the flux rate. However, it is not possible to simply increase 
the flowrate to achieve a greater sieving action as concentration polarisation puts an 
upper limit on practical flowrates. 
Concentration polarisation arises from a build-up of solute concentration on the feed 
side of the membrane and this boundary layer formation results in an additional 
resistance to that of the membrane for overall liquid permeation (Scott and Hughes, 
1996). Membrane fouling, will be elaborated on further in Section 2.9.7. 
In general it can be stated that ultrafiltration (UF) membranes are flexible water 
treatment tools that can be used in a number of process configurations to meet the 
advanced effluent treatment objectives listed above.  
However, in terms of limitations immersed membranes, when used by themselves, are 
limited to the removal of particulate and colloidal contaminants; however, they can be 
combined with biological or chemical treatment to remove dissolved contaminants. 
Furthermore, they represent the ideal pre-treatment to reverse osmosis (Côté, Masini 
and Mourato, 2004). 
The following section outlines nanofiltration systems. 
2.10.4 NANOFILTRATION 
Interest in the use of membrane technology in general, and nanofiltration in particular 
has emerged in wastewater treatment as well as drinking water and process water 
production (Van der Bruggen, Mänttäri and Nyström, 2008). As outlined earlier in other 
sections and as supported by Van Bruggen here this growth can be explained by the 
growing demand for high quality water, growing pressure to reuse wastewater, better 
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reliability and integrity of membranes, lower prices of membranes and possibly most 
appropriately for this research more stringent standards in the drinking water industry 
(Van Der Bruggen et al., 2003). 
NF is an extremely complex process and is dependent on the micro-hydrodynamic and 
interfacial events occurring at the membrane surface and within the membrane Nano 
pores (Mohammad et al., 2015).  
Nanofiltration is similar to RO and is a pressure driven process applied in the area of 
separation capabilities of RO membranes and UF membranes. NF has been proven to 
eliminate pharmaceuticals and personal care products that are often hardly removed in 
most conventional wastewater treatment plants. NF systems typically operated at lower 
pressures than RO (e.g. 5 bar) but yield higher flowrates of water (Scott and Hughes, 
1996). From Table 2-18 it is apparent that NF systems offer the potential to reject 
components which may be present in the dairy waste streams, therefore NF is worthy 
of inclusion in the experimental phase of this research. This is supported by Van Der 
Bruggen et al who state that for surface water nanofiltration is a valuable option when 
the concentrate can easily be discharged (Van der Bruggen, Mänttäri and Nyström, 
2008).  
The following section explores Reverse Osmosis. 
2.10.5 REVERSE OSMOSIS (RO): 
RO is a processes which ensures high water quality (García-Figueruelo et al., 2008), it is 
a pressure driven process whereby a semi-permeable membrane rejects some but not 
all dissolved constituents present in the feed water. This rejection is due to size 
exclusion, charge exclusion and physical chemical interactions between solute, solvent 
and membrane (Malaeb and Ayoub, 2011). The method of removal is different to that 
of microfiltration and is not just a physical processes based on size difference of solute 
and solvent.  
According to Scott and Hughes, osmosis occurs when a suitable semi-permeable 
membrane is used to separate two solutions of equal volume, one water and the other 
a dilute salt solution (Scott and Hughes, 1996). Water is transferred from the water side 
of the membrane to the dilute solution side until an osmotic equilibrium is reached, at 
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which point, a hydrostatic pressure, the osmotic pressure, has built up on the solute 
solution side. 
By applying pressure to the salt solution side, the flow of water through the membrane 
can be arrested and if the pressure exceeds the osmotic pressure the flow is reversed. 
This is termed reverse osmosis in which the concentration of salt is increased by the flow 
of water from a more concentrated solution to a dilute solution (Scott and Hughes, 
1996). 
The technology employs semi-permeable membranes that facilitate separation of a 
solution into two streams, permeate containing the purified water that passes through 
the membrane and concentrate, or retentate, the portion that contains the retains 
compounds and which needs management (Pérez-González et al., 2012). Reverse 
Osmosis membranes can essentially separate all solute species both inorganic and 
organic from solution, this separation of species is based on their size, shape, ionic 
charge and their interaction with the membrane. To overcome molecular friction 
between permeates and membrane polymer operating pressures in the range of 30-100 
bar are required (Scott and Hughes, 1996). The particle size range of RO is approximately 
0.0001-0.001 µm. Thin film composites (TFCs) or membranes used for RO are typically 
made of polymeric material and have a <1 µm thick dense top layer supported by a 50-
150 µm thick porous sublayer (Van Der Bruggen et al., 2003). The top layer imparts the 
intrinsic separation characteristics and the thinness of this layer ensures high flux rates. 
The efficiency of the process depends on the parameters of the equipment and the 
properties of the material to be processed (Malaeb and Ayoub, 2011).  
In summary RO, NF and UF systems rely on the passing of a feed material through a 
membrane, the membrane rejects impurities and facilitates the generation of a 
“cleaner” exiting material. This filtrate is often referred to as permeate and the 
remaining more concentrate that the feedstock the retentate. The following section 





Membranes are made of several materials, they can be made of inorganic (ceramic) or 
organic (polymeric) materials. Polymeric (cellulose acetate, polysulphone, polyamide, 
polyvinyldene fluoride, polypropelene) membranes, for their characteristics seem to be 
the most promising for their application the field of textile waste waters (Ciardelli, Corsi 
and Marcucci, 2001). According to GEA Filtration, leading experts in the field, polymeric 
spiral wound membranes have a compact layout and high membrane area per element 
thus making them ideal for high flow applications with minimal suspended solids (GEA 
Filtration, 2012). 
Membranes can be either asymmetric containing one polymer layer or composites 
consisting of two or more layers. Most membrane types are asymmetric, i.e. consisting 
of a thin separating layer (0.1 to 1 pm) supported by one or more thickly layers with 
larger pores. The supporting layers do not contribute to the resistance against mass 
transfer; the permeability of the membrane is determined solely by the thin active layer 
(Van Der Bruggen et al., 2003). 
According to the Online SUEZ Degremont Water Handbook (SUEZ Water Handbook, 
2018) virtually all desalination modules (NF to RO) are constructed using the spiral 
wound module principle, however these can be susceptible to membrane fouling. To 
assist in the understanding of the workings of a spiral wound Figure 2-15 below, 





Figure 2-15 Spiral Wound Filtration Membrane (SUEZ Water Handbook, 2018) 
In a spiral wound configuration, the permeate collector (11) is inserted between two 
membranes (10) and these are then sealed (12) on three sides. The open end is welded 
to a cylindrical collector tube (3) on either side of a generatrix through which holes have 
been drilled. Several such sandwiches are installed, separated from each other by a 
spacer (9). The fluid to be treated circulates in the spacer (9) parallel to the collector 
tube, the collector (11) discharges the permeate to the axial collector tube (3). 
 
Published literature on membrane structure is difficult to obtain, as most comes from 
manufacturer websites, however the following schematic (Figure 2-16) presented by 
Abd El-Ghaffar and Tieama, supports the above spiral wound configuration (Abd El-




Figure 2-16 Spiral Wound Membrane Configuration (Abd El-Ghaffar and Tieama, 2017) 
According to Van Der Bruggen et al, ultra-filtration membranes must be prepared by 
phase inversion, and are typically made from polysulfone/ poly(ether 
sulfone)/sulfonated polysulfone, poly (vinylidene fluoride), polyacrylonitrile and related 
block-copolymers, cellulosics such as cellulose acetate, polyimide/poly(ether imide), 
aliphatic polyamide, and polyetheretherketone (Van Der Bruggen et al., 2003). 
In a similar manner the polymer material of RO membranes forms a layered, web-like 
structure, and water must follow a pathway through the membrane to reach the 
permeate side. RO membranes can reject the smallest contaminants, monovalent ions, 
while other membranes, including nanofiltration (NF), ultrafiltration (UF), and 
microfiltration (MF), are designed to remove materials of increasing size, as indicated in 
Figure 2-17 below (Greenlee et al., 2009). 
 
Figure 2-17 Permeability of Various membranes (Greenlee et al., 2009) 
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With regard to specifications and operating parameters of the membranes available, 
Mohammad et al. generated a review of commercial nanofiltration membranes based 
on manufacture datasheets (Mohammad et al., 2015). This is outlined below in Table 
2-20. This research has supplemented this table by including RO and UF filtration 
membranes with data obtained from manufacturer datasheets, including information 
on the GEA membranes used in the experimental phase of this thesis. This information 
is presented in Table 2-21 and Table 2-22. 
Table 2-20 Specifications for Nanofiltration Membranes (Mohammad et al., 2015) 
The NF filter used in this study was sourced at GEA in the DK Series of Spiral membranes. 
Its typical maximum operating temperature was 50°C, pH 4-11, rejection of 99.5%. 
Further details of this and other filter used are contains within the fact sheets provided 
in Appendix D Section 10.4. 
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AG Series Lenntech 50 4-11 99.5% N/A 
 
 
Table 2-22 Specifications for Ultrafiltration Membranes 






















































55 3-9 N/A PES  
PW Series Lenntech, 
GEA 
50 4-11 N/A N/A N/A 
 
This section has outlined the different filtration mechanisms which may offer the 
potential to filter dairy processing waste streams to a drinking water level of cleanliness. 
It was mentioned earlier in this section that concentration polarisation can be influenced 
by membrane fouling, the following section outlines briefly the concept of membrane 




2.10.7 MEMBRANE FOULING  
Despite advantages with regard to use of membrane filtration, some aspects can 
compromise the efficiency of the processes. Among the most critical factors responsible 
for the decline in permeate flux are concentration polarisation, cake formation, solute 
adsorption and plugging of pores (Mateus et al., 2017). 
The effect of membrane fouling is effectively the reduction in flux rate due to fouling. 
This reduction is due to two important effects (Shi et al., 2014): 
a) Concentration polarisation which is a natural consequence of the semi-
permeability and selectivity of a membrane results in an accumulation of 
rejected solutes or particles in a mass transfer boundary layer adjacent to the 
membrane surface.  
b) Secondly, there is membrane fouling, taking place when the matter in the feed 
solution leaves the liquid phase to form a deposit on either the membrane 
surface or inside its porous structure. 
UF fouling usually arises through several mechanisms including adsorption, pore 
blocking, and cake or gel formation. Adsorption occurs when specific interactions 
between solutes/particles and the membrane exist. It is a consequence of surface 
energy and a process of thermodynamic equilibrium. Pore blockage occurs due to the 
full or partial closure of membrane pores by colloids and particles. It usually happens 
rapidly in the initial stages of filtration when the membrane surface is bare of deposits 
and the incoming particles can be in direct contact with a membrane pore. Cake 
formation is the process by which particles build up layer by layer on the external surface 
of a membrane leading to an additional resistance to the permeate flow (Shi et al., 





Figure 2-18 Representation of Porous Membrane Fouling (Bokhary et al., 2018) 
Cleaning can be defined as a process whereby material is relieved of a substance that is 
not an integral part of the material. A membrane cleaning should result in a membrane 
that is physically, chemically and biologically clean and this can provide adequate flux 
and separation. However, according to Bokhary et al preventive membrane fouling 
strategies and membrane cleaning cycles depend on the type of effluent being treated, 
as well as the specific membrane employed (Bokhary et al., 2018).  
According to Guo et al, irreversible foul Irreversible fouling occurs by chemisorption and 
pore plugging mechanisms. In case of irreversible fouling, the loss in transmembrane 
flux cannot be recuperated hydrodynamically or chemically (Guo, Ngo and Li, 2012).   
There are a variety of cleaning methods (physical, chemical, biological and enzymatic) 
and according to Jiang et al membrane cleaning agents should be selected in terms of 
the specific operations (Jiang, Li and Ladewig, 2017). Shi et al indicate that a 
comprehensive cleaning process should result in the following (Shi et al., 2014):  
 Restoration of the initial flow through a pristine membrane without adversely 
changing its surface. 
 Keeping dislodge foulants in dispersion or solution to prevent re-fouling of 
already cleaned surfaces. 
 Being compatible with both the membrane and other system components. 
 Being compatible with water. 
 Possessing good buffering capacity and stability with time. 
 Promoting disinfection of wet surfaces. 
 Being available and cost effective. 
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As stated previously there are many ways to clean a fouled membrane, generally divided 
into two categories physical and chemical. Physical cleaning changes hydrodynamics, 
applies turbulence or varies temperature in the system in order to kinetically force 
foulants to leave the membrane material.  
Chemical cleaning applies chemicals to modify the solution chemistry and change the 
Electrostatic Double Layer (EDL) in favour of electrostatic repulsion between foulants 
and membrane material or rapidly react with the foulants to decompose them into the 
other liquid stream. In practice physical and chemical methods are often applied 
together to enhance the cleaning effectiveness. With regard to chemical cleaning 
specifically, CIP in situ is carried out by replacing the original feed with cleaning solution 
(Shi et al., 2014). 
When to clean is determined by the flux rate, a drop in the flux rate indicates membrane 
fouling. Flux of a membrane is defined as the amount of permeate produced per unit 
area of membrane surface per unit time. Flux rate is measured in lm2h. However, other 
factors than flux can also indicate the membrane is fouled or reaching end of operational 
life. For example, a rise in product water silica (SiO2) content without a corresponding 
rise in the feed-water silica content is usually indicative of RO membrane ageing and 
serves as an early alert for membrane replacement (Lee and Tan, 2016) 
 
Having examined membranes and filtration systems it is now necessary to examine 
previous research involving dairy wastewater, outlining previous attempts at 
classification of the wastewater, previous filtration investigations the systems employed 




2.10.8 FILTERING DAIRY WASTEWATER   
As indicated in Section 2.9.1 membrane filtration is a recognised method for wastewater 
treatment, indeed according to Luo et al., among available technologies for wastewater 
treatment, membrane technology, especially nanofiltration (NF) and reverse osmosis 
(RO), has been often considered as a promising method because it can permit both 
water reuse and protein and lactose recovery in the same operations (Luo, Ding, Qi, 
Michel Y Jaffrin, et al., 2011). 
Membrane filtration has been applied to dairy wastewater by a number of previous 
studies, namely Vourch et al 2008, Suarez et al and Briao et al 2019 (Vourch et al., 
2008)(Suárez, Fidalgo and Riera, 2014)(Brião et al., 2019). This section outlines, briefly, 
key findings of these studies and indicates gap in these studies which the research 
presented in this thesis aims to address.  
In the study by Vourch et al eight samples were collected in flushing water of five 
processing plants from (Vourch et al., 2008): 
 concentrator, or evaporator. 
 pasteuriser processing of skim milk.  
 whey.  
These were analysed under a number of characteristics as identified in Table 2-23 below. 
From this table it is apparent that Chlorine and Nitrates are included in the study, 
however Ammonium, Fluoride, Nitrites and Sulphates are omitted. From the table it is 
also apparent that there is significant variation across the various characteristics from 
waste stream to waste stream.  
Another limitation of this study by Vourch is that it represents only an analysis of flushing 
water from an evaporator or a pasteuriser, it does not examine process water as defined 
previously.  Nor does it consider permeate streams which may offer a valuable water 
source. This paper however does indicate that RO filtration is effective in reducing 
certain contaminants in the dairy waste streams thereby, indicating the potential 
effectiveness of RO in this application.  
This effectiveness, as determined by Vourch et al, is outlined in Table 2-23 and Table 
2-24 below where RO removal effectiveness is outlined. It is apparent from Table 2-24 
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that in terms of percentage removal in most categories RO resulted in greater than 87% 
removal efficiency. This supports literature documentation presented previously, in 
Section 2.9.1, that RO membranes offer opportunity to treat dairy waste streams with a 
view to achieving drinking water standards.  
Table 2-23 Main Characteristics of Dairy Wastewater samples from Dairy Plants (Vourch 
et al., 2008) 
 
 
Table 2-24 Removal Efficiency of RO Operation with three Dairy Wastewaters 
 
Further work outlining the feasibility of RO was performed by Suarez et al in 2014, where 
it was indicated that reverse osmosis (RO) is a common technology used in chemical and 
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environmental engineering separations, where wastewater treatment is a well-
established example (Suárez, Fidalgo and Riera, 2014). 
Suarez et al indicate that improving filtration systems could act as an incentive to reduce 
water, or even to decrease the amount of energy and waste associated, which would 
mean environmental and economic advantages (Suárez, Fidalgo and Riera, 2014). 
However, when analysing the Suarez study the characteristics analysed in this study 
were conductivity, COD, pH, with no consideration was given to chemical parameters in 
this study. 
Briao et al in 2019 examined dairy rinse waters with a view to using reverse osmosis to 
recover water, the characteristics analysed in their study are included in Table 2-25 
below (Brião et al., 2019). While some effort to including chemical analysis is included 
in this study once again ammonium, nitrates, nitrites, chlorine, sulphates and fluoride 
are omitted from the analysis. Their study used commercially available membranes and 
was performed on samples taken during the cleaning of milk soils (Brião et al., 2019). 
Table 2-25 Dairy rinse water characteristics (Brião et al., 2019) 
 
Bortoluzzi et al in 2017 examined dairy wastewater treatment using integrated 
membranes, effectively the sequential use of MF and UF and NF and RO to determine 
effectiveness for treating dairy wastewater (Bortoluzzi et al., 2017). Table 2-26 below 
outlines the specific characteristics of the dairy wastewater which were considered for 
this study. This wastewater was obtained from a dairy company in Brazil and collected 
over 4 different days (Bortoluzzi et al., 2017). While BOD, COD, pH, and others, are 
included in this study, similar to the others listed previously critical elements of the EU 
and EPA drinking water standards are not considered. 
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Table 2-26 Characteristics of Raw Wastewater (Bortoluzzi et al., 2017) 
 
The experimental setup utilised by Bortoluzzi et al is indicated below, this is included as 
a means of comparison to the experimental work performed in this research where a 
similar system was employed to process dairy wastewater samples. Bortoluzzi et al 
employed membrane cleaning procedures as per the recommendations of the 
manufacturer (Bortoluzzi et al., 2017). 
 
Figure 2-19 Schematic diagram for Membrane Filtration Apparatus (Bortoluzzi et al., 2017) 
Kyrychuk examined NF and RO for the treatment of dairy effluent, however the 
characteristics of the dairy waste stream presented in this work were limited (Kyrychuk, 
Zmievskii and Myronchuk, 2014). They are included below in Table 2-27 for 
completeness. It should be noted that commercially available filters are typically 
employed for these studies (Kyrychuk, Bortoluzzi etc). Commercially available filters will 




Table 2-27 Main Characteristics of Dairy Model Effluents 
Characteristics  Skim milk  Whole milk 
Fat, (g/L) 0.06-0.07  4.10-4.30 
Proteins, (g/L) 4.40-4.60  4.45-4.70 
Lactose, (g/L) 6.60-6.90  7.40-7.80 
Mineral content,(g/L)  0.53-0.63  0.59-0.60 
рН  6.45  6.7 
Dry matter, (g/L)  17-18  18-20 
Other studies performed by Vlyssides on cheese-whey processing (Vlyssides et al., 
2012), Melchiors examining whey recovery (Melchiors et al., 2016) and Luo on skim milk 
dilution (Luo et al., 2011) follow similar patterns to Kyrychuk (Kyrychuk, Zmievskii and 
Myronchuk, 2014), where parameters such as pH, COD and turbidity are analysed.  
These attempts at classification are outlined below, Table 2-28- Table 2-30. 
None of these studies include detailed analysis of chemical parameters as required by 
the EPA and EU standards, however they do point to the ability of filtration systems to 
generate water with lower levels of contaminants than in the original sample.  
Table 2-28 Cheese Dairy Wastewater Characteristics (Vlyssides et al., 2012) 
Parameter  Parameter Mean value ±  
standard deviation 
pH  4.0 ± 0.3 
COD, (mg/L)  20,314 ± 9186 
TOC, (mg/L) 7920 ± 3427 
SS, (g/L) 5.0 ±4.4 
VSS, (g/L) 5.0 ± 4.3 
Total nitrogen, (mg/L)  285 ± 118 
Total phosphorous, (mg/L) 85 ± 35 
Fats and oils, (mg/L) 1931 ± 1391 
 
Table 2-29 Brazilian Dairy Wastewater Classification (Melchiors et al., 2016) 
 COD (mg O2 L-1)  Turbidity (NTU)  pH 
Real raw dairy wastewater 
sample 
4682.7 ±16.8 1126±0.5 10.2±0.010 
 
Table 2-30 Main Characteristics of model dairy wastewater and UF Permeate (Luo, Ding, Qi, 
Michel Y. Jaffrin, et al., 2011) 
 Total Protein 
(g/L) 
Lactose (g/L)  Conductivity 
(µS/cm) 
pH 
Model dairy wastewater  1.49 ± 0.09 5.42±0.02 742 ± 36 7.3 ± 0.1  
Uf Permeate (UP005P) 0 4.44 712 7.3 
UF Permeate 2 (Ultracel PLGC) 0 5.4 755 7.3 




In a 2017 study, Chen et al examined membrane based systems to recover water and 
rather than using waste streams from dairy they used 2.381 g of commercial milk 
powder dissolved in deionized water for preparing model dairy waste (Chen et al., 2017). 
Here the main characteristics concerned were conductivity, TOC and TN.  
 
2.10.9 SECTION SUMMARY: 
This section has examined previous research in the area of dairy wastewater 
classification and filtration. As is apparent from the above section previous research has 
been limited in terms of detailed classification, especially when this is examined in 
conjunction with Section 2.6.2. It is apparent that significant gaps are present in previous 
research, particularly in relation to classification of waste water chemical parameters 
and the effectiveness of filtration systems to remove these elements. 
From an analysis of previous studies there have been limited attempts to determine the 
effect of seasonality, certainly no study examines waste samples from a significant 
number of processors at different times of the year to determine differences in waste 
streams. This ultimately will influence the performance of the filtration system and 
needs to be considered. As outlined above the type of waste streams are narrow and 
vary from combined effluent samples to specific cheese waste streams. No previous 
study has examined a wide spectrum of waste samples, directly from point of origin, at 
different times of the years, in relation to a comparison to drinking water standards.  
The above studies have indicated that filtration has been explored in relation to dairy 
waste streams. However, as is evidenced from the summary tables above no means by 
which chemicals can be effectively removed. Indeed in any of the reviewed literature no 
comparison between drinking water standard and filtered and recovered water was 
found.  
Filtration is one mechanism of potential water recovery, however as indicated in Section 
2.8.3 other tertiary processes may offer opportunities. Filtration alone may not remove 
all chemicals in solution. Chemicals may require some precipitation or chemical 
alterations on a structural and chemical bonding level. One such is method is 




According to Savage, nanomaterials have a number of key physiochemical properties 
that make them particularly attractive as a separation media for water purification 
(Savage and Diallo, 2005). Indeed this is supported by Chorawala et al who state that 
nanoparticles have great potential to be used in wastewater treatment (Chorawala and 
Mehta, 2015).  
Das et al. outline that the advent of nanotechnology has given immeasurable 
opportunities to purify water. Das presents the use of carbon nanotube (CNT), which are 
cylindrical graphic sheets rolled up in a tube like structure with the appearance of 
latticework deck. The study of Das et al focuses on desalination and indicates that CNT 
membranes are quite robust and high water permeability however when compared to 
RO membranes no significant difference was illustrated in terms of comparative features 
(Das et al., 2014).  
According to Qu, the production and purification process of CNTs often introduce 
impurities, contaminants and even degradation of CNT structures (Qu, Alvarez and Li, 
2013). Therefore, it was decided to focus on commercially available RO, NF, UF 
membranes and on zeolite adsorption technology. According to Sharma, adsorption has 
been reported as the most technically and economically viable option (Sharma and 
Sharma, 2013). While activated carbon represents the leader in terms of sorbent 
worldwide sales $1 Billion compared to Zeolites $100 million (Yang, 2003), according to 
Rakhi et al. activated carbon adsorption process are extremely expensive when treating 
large amount of water and wastewater containing contaminants in low concentration 
(Rahki, Suresh and Premalatha, 2016). As a result, they therefore cannot be used at large 
scale.  
The following section will outline the role zeolites may play in the recovery and reuse of 





It has already been stated in previous sections that EU directives on water quality will 
directly impact countries like Ireland who face large penalties as agricultural and dairy 
industries remain a major economic driving force. Issues caused by stresses on water 
supplies mean that the Irish dairy industry is being forced to consider more efficient use 
of water.  However, as has been illustrated in Section 2.3 the volume of water used and 
generated within the industry is quite significant and in Section 2.6 the waste streams 
may contain contaminants. One of these particular contaminants is Ammonium (NH4+), 
which is of key concern to Irish dairy processing Section 3.5 where NH4+ is commonly 
used during cleaning, flushing and rinsing of equipment and pipelines during dairy 
processing and increased milk production will necessitate improved NH4+ remediation 
technologies.  
The traditional method for NH4+ and organic removal from municipal and industrial 
wastewaters is based on biological treatments. As discharge limits of various pollutants 
becomes more stringent, ion exchange and adsorption become more attractive as 
possible treatment methods. 
More recently, adsorption and ion exchange have shown significant promise for low 
energy NH4+ removal. The combination of their pore size and chemistry allows them to 
accept metal cations and may enable the selective removal of aqueous phase NH4+, 
below EU regulations, to trace levels. This research, using NH4+, as an initial test case 
aims to determine the efficiency of natural zeolites to remove NH4+ from dairy waste 
streams and compare this to EU drinking water levels and filtration mechanisms. 
Natural zeolites are abundant and low cost resources, which are crystalline hydrated 
aluminosilicates with a framework structure containing pores occupied by water, alkali 
and alkaline earth cations (Wang and Peng, 2010). Typical costs can be from $50 to $120 
per ton. This compared to approximately $400-$1200 per ton for some CNT is promising 
for potential commercialisation of this research. 
Due to their high cation-exchange ability as well as to the molecular sieve properties, 
natural zeolites have been widely used as adsorbents in separation and purification 
processes in the past decades (Wang and Peng, 2010). The primary structure of zeolites 
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are the tetrahedral of silicon and aluminium, these are assembled into secondary 
polyhedral building units such as cubes, hexagonal prisms, octahedral and truncated 
octahedra (Weitkamp, 2000). The silicon and aluminium atoms, located at the corners 
of the polyhedral are joined by a shared oxygen (Yang, 2003), and are illustrated in 
Figure 2-20.  
 
Figure 2-20 Tetrahedral Structure of Zeolite (Khin et al., 2012) 
Zeolites are microporous materials (pore sizes < 2nm) and consist of a 3 dimensional 
arrangement of [SiO4]4- and [AlO4]5- polyhedral connected through their oxygen atoms 
to form large negative lattices (Khin et al., 2012), Figure 2-20. Zeolites are microporous 
crystalline hydrated aluminosilicates, which have found various applications because of 
their very unique physicochemical characteristics such as ion exchange and adsorption–
desorption properties (Ghasemi et al., 2018). 
The application of zeolite materials for environmental remediation has gained attention 
due to their selective absorption capacities, non-toxic nature, availability and low cost. 
Indeed, zeolites have been widely applied in the removal of heavy metals from waste 
water in the mining industries (Khin et al., 2012). According to Ghasemi et al. natural 
and synthetic zeolites should be considered as materials with tremendous potential of 
applications in the aquaculture industry (Ghasemi et al., 2018). Types, grouped as; ‘A’, 
‘X’ and ‘Y’, remain the dominant zeolites and molecular sieve that are in commercial use 
for adsorption and ion exchange (Yang, 2003). 
78 
 
A review of the literature indicates that there have been a number of studies on 
applications of different natural and synthetic zeolites as well as their modified forms 
for capturing different cations, anions and molecular species are carried out all around 
the world. Many authors present a review of studies performed on the, adsorption 
efficiency of different zeolites for removing heavy metal cations such as; cadmium, lead, 
nickel, manganese, zinc, chrome, iron and copper, anionic species such as; chromate and 
arsenate, and organic pollutants such as volatile organic compounds (VOCs) including; 
benzene, toluene, ethyl benzene and xylene (BTEX). Some studies observed during this 
research are outlined in Table 2-31, Table 2-32 and Table 2-33 below.  
Table 2-31Studies in the Area of Volatile Organic Compounds (VOCs) pollutants removal using 
Zeolite Materials 
Published Title Author (year) 
Methyl Tert-Buytl Ether Adsorption On Surfactant 
Modified Natural Zeolites 
(Ghadiri et al., 2012) 
Removal Of BTX Compounds From Wastewaters 
Using Template Free MFI Zeolitic Membrane 
(Torkaman, Kazemian and Soltanieh, 
2010) 
Kinetic Study of BTEX Removal Using Granulated 
Surfactant-Modified Natural Zeolites Nanoparticles 
(Seifi, Torabian, Kazemian, Bidhendi, 
Azimi, Farhadi, et al., 2011) 
Removal of Petroleum Aromatic Hydrocarbons by 
Surfactant-modified Natural Zeolite: The Effect of 
Surfactant 
(Torabian et al., 2010) 
Removal of chromate ion from contaminated 
synthetic water using MCM-41/ZSM-5 composite 
(Kazemian and Mallah, 2008) 
 
Table 2-32 Studies in the Area of Anion removal using Zeolite Materials 
Published Title Author (year) 
The use of clinoptilolite and its sodium form for removal of 
radioactive cesium, and strontium from nuclear wastewater 
and Pb2+, Ni2+, Cd2+, Ba2+ from municipal wastewater 
(Faghihian, Ghannadi 
Marageh and Kazemian, 
1999) 
Evaluation of iron modified zeolites for removal of arsenic 
from drinking water 
(Menhaje-Bena et al., 2004) 
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Adsorption of CO2 , CH4 , N2O, and N2 on MOF-5, MOF-177, 
and Zeolite 5A 
(Saha et al., 2010) 
 
Table 2-33 Studies in the Area of Heavy Metal Cation removal using Zeolite Materials 
Published Title Author (year) 
Monoaromatics from Aqueous Solutions Using 
Granulated Surface Modified Natural Nanozeolites: 
Systematic Study of Equilibrium Isotherms 
(Seifi, Torabian, Kazemian, 
Bidhendi, Azimi and Charkhi, 
2011) 
Two-phase homogeneous diffusion model for the fixed 
bed sorption of heavy metals on natural zeolites 
(Inglezakis, Fyrillas and Stylianou, 
2018) 
Comparison of Mn, Zn, and Cr removal in fluidized- and 
fixed-bed reactors by using clinoptilolite 
(Stylianou, Inglezakis and 
Loizidou, 2015) 
Removal of Cu(II) from aqueous solutions by using 
fluidized zeolite A beads: Hydrodynamic and sorption 
studies 
(Jovanovic et al., 2014) 
Elimination of Cd2+ and Mn2+ from wastewaters using 
natural clinoptilolite and synthetic zeolite P 
(Kazemian and Mallah, 2006) 
The effect of conditioning with NaCL, KCL and HCL on the 
performance of natural clinoptilolites removal efficiency 
of Cu2+ and CO2+ from Co/Cu synthetic solutions 
(Mamba, Nyembe and Mulaba-
Bafubiandi, 2010) 
Cs and Sr removal from solution using potassium nickel 
hexacyanoferrate impregnated zeolites 
(Kazemian, Zakeri and Rabbani, 
2006) 
Mathematical modeling of sorption process of Cu2+ ions 
on analcime and clinoptilolite 
(Cobzaru and Inglezakis, 2012) 
Natural clinoptilolite nanoparticles: an adsorbent for 
removal of heavy metals from landfill leachate 
(Askari /asgari, Kazemian and 
Najafi, 2014) 
Ion exchange of Pb2+, Ag+1, Ni2+ and Zn2+ in natural 
clinoptilolite, study of some parameters 
(Faghihian and Kazemian, 2002) 
*Clinoptilolite is a type of natural zeolite  
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It is worth noting that there has been copious amounts of published research in the area 
of pollutant removal using zeolites materials, however it still remains to be seen their 
effectiveness in a live dairy waste treatment scenario.   
It is apparent therefore that zeolites represent a significant area of consideration with 
regard to the potential recovery of dairy wastewater. Limited studies on this application 
exist, some work by Westholm which examines phosphorus removal (Westholm, 2006) 
and by Nguygen which looks at ammonium removal (Nguyen and Tanner, 2010). 
However, while both studies examine the ability of the zeolite to remove contaminants 
neither look at the filtered waste stream with a view to reuse within the process. The 
following section examines previous work regarding zeolites in wastewater treatment 
and recovery. 
2.11.2 ZEOLITES IN WASTE TREATMENT. 
Zeolites are capable of exchanging ions with external medium, which is the significant 
characteristic of zeolite. The ion-exchange behaviour of natural zeolite depends on 
several factors, including the framework structure, ion size and shape, charge density of 
the anionic framework, ionic charge and concentration of the external electrolyte 
solution (Wang and Peng, 2010). This is favourable as the literature in Section 2.10 states 
that some chemicals in solution may pass through membranes. This is highly undesirable 
in the case of potential on site water reuse. 
As has been outlined in Section 2.6 dairy wastewater consists of a number of 
contaminants and potential pollutants. Also outlined previously has been the lack of 
characterisation of levels of ammonium present in these waste streams. According to 
Du et al, ammonium is an important nitrogen ion form in aqueous solution (Du et al., 
2005). Its pollution mainly comes from municipal sewage, fertiliser factory wastewater 
and agricultural wastes. A high concentration of ammonium will cause a sharp decrease 
of dissolved oxygen and obvious toxicity on aquatic organisms. Farkas et al. states that 
the traditional method of removing organic compounds and ammonium ions from 
wastewater is based on biological methods (Farkaš, Roži and Barbari, 2005). Indeed 
Englert and Rubio stated that the excessive presence of ammonia in water streams and 
effluents is a problem of great concern for the environment and industrial water 
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systems, mainly due to eutrophication and corrosion/biological fouling problems 
(Englert and Rubio, 2005).  
A number of previous studies exist which examine zeolites and their effectiveness in 
ammonium removal. Wang et al. present a summary of studies found that typical 
ammonium adsorption was 2.7-30.6 mg/g (Wang et al., 2006).  
Rozic et al. found an efficiency removal of 61.1% (Rozic, 2000), Bolan et al. found an 
efficiency removal of 74% (Bolan et al., 2003), while Lebedynets et al found absorption 
of 11.6mg/g with ranging effectiveness (53.3% to 95.2%) depending on the initial 
concentration of ammonium (Lebedynets et al., 2004).  
It is apparent therefore that zeolite material does appear to offer the ability to remove 
ammonium from wastewater, however these previous studies examined lab generate 
samples  (Lebedynets et al., 2004) (Rozic, 2000) and fellmonger waste stream (Bolan et 
al., 2003). 
Samkutty and Gough examined zeolite material in relation to dairy processing 
wastewater but only in terms of COD, TSS and COD and did not consider chemical 
parameters (Samkutty and Gough, 2002). Westholm outlines work in terms of 
phosphorous removal on wastewater treatment (Westholm, 2006). However with 
regard to specific investigation into dairy processing waste streams previous work is 
limited.  
None of these previous studies involve a comparison with drinking water standards 
indicating the potential to reuse the waste stream. Indeed, for example, one study by 
Farkas, discharge limits to freshwater sources was the primary concern rather than 
achieving drinking water levels (Farkaš, Roži and Barbari, 2005).  
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Studies by Farkas, Wang and Du have examined the potential of commercially available 
zeolites to remove ammonium from contaminated waste streams. The effects of these 
zeolites are illustrated in Figure 2-21 to Figure 2-24 inclusively.  
 
Figure 2-23 Ammonia removal from aqueous 
solutions by zeolite ion exchange (Englert and 
Rubio, 2005) 
 
Figure 2-24 Effect of contact time on 
Ammonium Removal Efficiency (Du et al., 
2005) 
In the data presented by Wang it is apparent that the longer the contact with the zeolite 
material the greater the absorbance of ammonium. As the experiment progresses the 
ability of the zeolite to absorb ammonium is reduced. This is also reflected in the 
experiment presented by Du, where the removal efficiency of the zeolite also plateaus. 
The zeolite effectively becomes exhausted and needs to be recharged to refresh the 
process. Englehart’s study indicates similar performance. The data presented by Frakas, 
illustrates a similar finding, although here the data is presented by analysing the amount 
of ammonium present in the effluent, with a spike beginning after 7 L. 
 
Figure 2-21  Breakthrough Curve of 
Ammonium ions (Farkaš, Roži and Barbari, 
2005) 
 
Figure 2-22 Ammonium Adsorption rate for 




Therefore it can be stated that while zeolites may offer a worthy avenue of 
experimentation with regard to dairy wastewater recovery, issues such as exhaustion 
and recovery costs need to be considered. 
 
2.12 WATER REUSE PERCEPTION 
After discussions with the partner companies associated with this research it became 
apparent that technology was not the sole concern of the Irish Dairy Industry with 
regards to reclaimed water reuse on site. It was noted that the view of the customer 
weighed heavily on the ability to implement any water reuse infrastructure. Research 
on public acceptance will also be an important adjunct to and will be complementary to 
the technical areas of research. With that in mind this study investigated international 
perception of water reuse.  
As was illustrated in Section 2.9.4, technology has made the production of NEWater 
viable, strong governmental support and public acceptance made its large-scale 
implementation successful. Several factors in the planning and development stages 
were critical in ensuring this success. 
Despite the technical rigour involved in developing NEWater, Singaporeans had to be 
convinced that it was safe to use. An extensive public communications plan was rolled 
out, and public education continues today in schools, at community events and at the 
NEWater Visitor Centre (Lee and Tan, 2016).  
The message remains consistent: Potable reuse of water is not a new concept and has 
been practised successfully around the world; the multiple-barrier treatment process is 
safe and reliable, and indirect potable use (IPU) provides a further environmental buffer; 
NEWater is a sustainable source of water for Singapore (Lee and Tan, 2016). 
Barriers to the reuse of recovered water is further remains a challenge, Cain et al. 
indicate that “gaining public acceptance appears to be a major hurdle” (Hui and Cain, 
2016). This is despite that adequate technology and water quality monitoring systems 
can promise the delivery of safe and secure water for reuse practice, even to the extent 
of providing drinking water.  
According to van Rensburg, it should be noted that public perception is almost certainly 
linked to education and an intrinsic knowledge about the proposed activities available 
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for scrutiny by the members of the general public (van Rensburg, 2016). The challenges 
to reusing recovered water in process are succinctly presented by Hartely, these are 
namely (Hartley, 2006): 
 Decline in public trust and confidence in public agencies and officials.  
 Decline in belief that best technologies can remove all impurities and germs from 
waste water.  
 While the public tends to trust university-based scientists and the medical 
community on technical and health issues, they trust their own impressions of 
water quality more.   
 Public impression of water quality can often be based upon the water’s turbidity.  
 While education and outreach activities can increase support, they can also 
intensify the extremes – those that oppose become more strongly opposed and 
those supportive are more strongly supportive 
The “yuck” factor, or disgust in psychological terms, as a barrier to water reuse has been 
cited in the literature since the beginning of public attitudes studies towards reuse back 
in the 1970s. However, no studies have been conducted to examine how this factor 
exerts its influence on people’s perceptions of water reuse (Po, Kaercher and 
Nancarrow, 2003). Socio-demographic factors can also attribute to peoples resistance 
to direct contact potable water reuse (Hui and Cain, 2016). For example Irish people may 
be less susceptible to reusing water to people in California as they may deem water 
sources more plentiful and at less risk of depleting.  
 
Figure 2-25 iterative flow and intricacies of Human behaviour (Ajzen, 2001) 
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Figure 2-25 outlines many factors that can lead to a person’s behaviour or attitude to a 
water reuse for irrigation (Po, Kaercher and Nancarrow, 2003). The study of human 
behaviour and perception is intricate and the author’s skillset within social sciences 
discipline are limited. Studying perception within the Irish Dairy industry and its 
customer base poses a much larger task than is available within the scope of this project. 
2.13 LITERATURE REVIEW SUMMARY  
Environmental protection and economic competitiveness are equal and 
complementary; one cannot be achieved without the other (DAFM, 2015). Despite an 
unanticipated increase in dairy processing figures in the Irish industry since April 2015 a 
complimentary increase in the industry’s water sustainability has not yet been observed.  
Today, approximately 8 million litres of milk are being processed in Irish Dairy companies 
annually. It has been shown in Section 2.3 and by authors such as Finnegan and Geraghty 
that milk processing requires a significant volume of water and as such Ireland faces 
challenges in meeting national and international environmental targets for water quality 
(Finnegan et al., 2017a) (Geraghty, 2011).  
This review has outlined a number of key observations;  
a) Significant worldwide demand on water, the dairy industry is water intensive, 
however milk 85+% water. This therefore offers an opportunity to leverage this 
in terms of reintroducing water rich by-products into the process. 
b) The Dairy Sector is wide and varied, no two sites the same, no two processes the 
same, and therefore waste streams and water usage across sites will be different. 
This research aims to collate and monitor water usage in an Irish context. 
c) Previous research into waste streams is limited.  It has not focused on chemical 
analysis, does not compare to EU standards and does not look at seasonality year 
on year across multiple sites. This research will aim to address these anomalies. 
d) The review outlines that various recovery systems exist, this research will build 
on previous work and examine filtration mechanisms. Previous filtration 
research is limited in terms of scope it has been shown above that chemical 
analysis was omitted. This study has included chemical analysis and as such 
contributes to existing knowledge.  
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e) It has been shown that zeolites have been used to remove ammonium in 
laboratory modelled solutions.  No previous work has captured the interaction 
between zeolite materials and actual dairy waste streams. This research will 
identify zeolites capable of interacting with these dairy waste streams. 
f) It has been identified that perception poses a current barrier to reuse. It was 
reported that customer’s perception, can be overcome through education and 
proving the technology is suitable.  
The next section discusses methods used within this research and how they were 













This section will outline methods used and demonstrated in the experimental chapters 
of this thesis. Expert opinion and input was utilise in conjunction with qualitative 
methods such as questionnaires, semi structure interviews and focus group to assist in 
addressing research questions that arose from the literature. Figure 3-1 below shows 
the methods used for the initial three studies undertaken. However, methods used for 
the fourth phase, ‘Using Zeolite Material to Remove Dairy Waste Contaminants’ is 
contained within Chapter 7 for clarity and continuity of the experiment.  
 
Figure 3-1 Methods used in 3 Studies performed in this research 
3.1 EXPERTS 
This thesis lent itself to a variety of qualitative and quantitative methods. Many ideas 
were undertaken on the merit of expert opinion. These experts have many years of 
experience in, not only their current role but, various practices interdepartmentally 
within the Irish Dairy Industry. This information gathering was as a result of numerous 
semi structure interviews and many focus groups. Industrial opinion was used as 
leverage to initiate some quantitative analysis. These relationships were formed and 
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ranked given their knowledge and experience within the industry. Table 3-1 below 
demonstrates years of experience of the experts consulted during this research. 
Table 3-1 Profiles of Experts Used in consultation process 
Expert Current Role Years in Dairy Industry 
A (JR) Company Secretary 50+ 
B (DK) Environmental Manager 40+ 
C(JF) Environmental Health & Safety 
Manager 
32 
D (SP) Services Manager 18 
E (KOF) Environmental Services Manager 30 
F (WM) Operations Manager 30+ 
G (CB) Food Technologist 3 
H (CF) Research & Development 40+ 
I (MMac) Services Manager 29 
J (DF) Sustainability Senior Leader 4 * 
K (GK) Environmental Health & Safety 
Manager 
20+ 
*14 prior years in a similar highly regulated industry 
To harvest these experts’ range of knowledge semi structured interviews were 
conducted on site, at knowledge dispersion days and at quarterly Pillar meetings. In 
addition to these some questionnaires were developed to focus on certain water use 
practices   
3.2 QUESTIONNAIRES 
The literature suggests that cleaning is the most intensive water usage on dairy sites. In 
order to become familiar with the current cleaning practices on various dairy processing 
sites a questionnaire was developed to understand this usage. The questionnaire is 
included in Appendix E, Section 10.5 and its responses will be discussed in Chapter 4. 
Literature focused on a large number various parameters that are to be met for Potable 
Water standards. It was thought not all of these were likely to be present in day to day 
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running of dairy plants. Thus, a questionnaire to determine key critical parameters of 
water quality was developed. This was then circulated to industrial experts for their 
input. These experts were to discuss the questionnaire internally with their quality 
department and agree on the parameters selected. The water quality ranking survey is 
included in Appendix G, Section 10.7. As per the attached survey industrial experts were 
asked to identify parameters which were deemed most important for future 
investigations. Section 4.4.4 outlines the results of this survey. 
3.3 BY-PRODUCT COLLECTION FOR DAIRY WASTE STREAM CLASSIFICATION 
The largest dairy processing companies in Ireland were approached as part of this study. 
These processing sites were selected due to the diversity of product production (skim 
milk powder, casein, cheese, butter etc.) therefore the results obtained illustrate the 
diversity of the industry and are representative of typical manufacturing processes.  
Each manufacturing site produces products in a different manner, with no two sites 
recreating the same process. In the interest of confidentiality with our industrial 
partners it is not possible to give specific process information. Figure 3-2 displays the 
pathway water takes on site in dairy processes. It is worth noting that all waste streams 
from each part of the process join into a larger pipe before entering the Waste water 
treatment plant.  
 
Figure 3-2 Water Flow on Dairy Processing Sites 
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In total 44 samples were collected from in-process collection points, rather than focus 
on end of pipe collection where multiple lines can run to one converged collection point, 
of which 23 were deemed suitable for reporting in this study. By extracting the by-
product (waste stream) during the process and prior to risk of outside contamination a 
true analysis of the sample is possible. Samples collected were by-product related for 
example RO permeate, UO permeate, and evaporator condensate samples which 
currently advance to wastewater treatment plants.   
250 ml samples were collected at source, stored in screw cap air tight plastic containers. 
Initial pH, TDS, conductivity and temperature readings were taken at point of collection 
and recorded. Samples were then returned for analysis in refrigerated containers and 
tested within 24 hours. Two sets of samples were collected; one at peak production and 
one in off peak, to determine variability if any in the waste streams. 
3.3.1 ANALYTICAL TEST METHOD 
Each sample was tested for chemical analysis 
using a HACH DR3900 Benchtop 
Spectrophotometer (Figure 3-3), a method which 
is commonly used within both dairy and water 
industries for the purposes of regulatory 
reporting.  
Each sample was loaded into a test vial and placed on the spectrophotometer for 
analysis. The spectrometer uses refraction of light to determine the concentration of 
chemicals present. Samples were added to the test cuvette using pipettes, with the 
quantity of the sample added in line with the corresponding test, after required time 
has elapsed sample is presented for analysis on the spectrophotometer.  
Table 3-3 outlines the procedure for chemical analysis using the HACH DR3900 Benchtop 
Spectrophotometer, detailed testing specifications available in Section 10.8, Appendix 
H. 
The HACH DR3900 Benchtop Spectrophotometer was  also used to establish levels of 
Chemical Oxygen Demand (COD) within the samples, here the Dichromate Method, was 
followed, with samples to be characterised compared to a known blank of 5ml of 
Figure 3-3 HACH Spectrometer 4
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deionized water, details of the test procedure are available the Section Appendix I, 
Section 10.9.  




Sample Size (ml) 
Time Elapse before 
Analysis (min) 
Sulphate (SO4) LCK153 5 2 
Ammonium 
(NH4+) 
LCK304 5 15 
Fluoride (F) LCK323 3 1 
Chlorine(Total) 
(Cl2) 
DPD Sachets 10 3 
Nitrate (NO3-N) LCK340/339 1 15 
Nitrite (NO2-N) LCK541/341 2 10 
When a sample of waste stream was tested, the HACH equipment returns an 
appropriate number, indicating the quantity of the relevant chemical contained in that 
sample. Presence of the relevant chemical and strength of concentration is also 
reflected in a colour change. For example the colour change associated with various 
concentrations of Ammonium can be seen in Figure 3-4 below. In this case green is more 
concentrated with the more translucent yellow colour representing lower concentration 
of ammonium. 
 
Figure 3-5 Ammonium Tests of various descending Concentrations 
However, before beginning to test waste streams directly it was first necessary to 





3.4 SAMPLE SIZE FOR FILTRATION EXPERIMENTATION 
In Chapter 6 results of treating dairy waste streams through filtration membranes. This 
section outlines the testing regime undertaken for this study. Initial question that 
presented itself was; what is an agreeable volume to test to allow for the results to be 
accurate and precise? Is there any difference between batch and continuous 
processing? For this reason, tests were performed to see if there was a difference 
between the results produced from a run of a 100 L solution and a 15 L solution.  
A 100 L solution was chosen as samples would be collected from each participating Co-
op in 4 x 25 L UN approved (UN approved means that the container has been built, test 
and are certified to transport dangerous material in them), plastic containers. A 15 L 
solution was chosen as the balance tank within the unit holds 15 L when filled to the 
top. While, for the test trial that was performed, a 1% solution of fresh full-fat milk 
within tap water was chosen. This percentage was chosen as it would ensure high 
Chemical Oxygen Demand (COD) levels, it would ensure pores in the filter would become 
blocked and it would also show if the CIP procedure cleaned and allowed for each run 
to be fair, with each test beginning with a ‘clean’ filter. 
To have a feedstock available for the membrane unit a solution was mixed up in 4 x 25 
L containers with each containing 1% milk in them. This was done by putting 250 ml of 
milk into each container and preceding to fill each with 24,750 ml (24.75 L) until each 
had a total of 25 L (i.e. make up the balance with water). Once the 1% milk solution was 
mixed a COD sample was taken and tested.  
After an initial COD test was performed the balance tank was filled with the solution and 
the filter began processing the solution for the run.  
With the sample size agreed it was then necessary to establish the desirable operating 
parameters of the filtration equipment. The following section outlines, a) the filtration 
equipment briefly (Figure 3-5) and b) the design of experiments followed to establish 
the operating parameters. 
3.5 DOE ON FILTRATION MACHINE 
Before undertaking filtration of industrial wastewater it was first necessary to establish 
key operating parameters and setup for the equipment. This research commenced with 
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a full factorial Design of Experiments (DoE), which was performed for each individual 
membrane, namely NF, UF and RO membranes. The run order was randomised with 
Table 3-3 outlining the Full factorial DoE for the filtration unit.  
The key input factors were pump speed and pressure of the unit respectively. These 
factors were broken into three levels of High, Medium and Low; these settings were 
chosen based on the operating limits of the various membrane technologies, as per the 
supplier specifications (Appendix D, Section 10.4). Figure 3-6 outlines a schematic of the 
membrane filtration equipment.  
Here the material to be filtered is placed in the balance tank, the material is then moved 
to the filter via the variable speed pump. Permeate is collected in a clean collection 
vessel while concentrate (feed material) which has not passed through the filter is 
recirculated to the balance tank. The system loops until the balance tank has emptied.  
From the schematic it is apparent that pump speed and the pressure are the input 
variables, the flowmeter is the output variable. 
 


































   Safety re-run to Balance Tank  -
Concentrate
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Figure 3-7 Filtration Equipment used for Trials 
The pump speed and corresponding pressures for each membrane are presented in 
Table 3-4. The key output measurable for this experiment is flow rate, it is desirable to 
develop the optimal setup which ensures maximum flow rate of permeate exiting the 
filter. An increased flow rate will ensure an increased throughput, thereby offering the 
potential to treat more wastewater. 
Table 3-3 Filtration Equipment DoE Setup 
Std Order Run Order Speed (Hz) Pressure (psi) 
2 1 L M 
5 2 M M 
1 3 L L 
6 4 M H 
3 5 L H 
9 6 H H 
7 7 H L 
4 8 M L 
8 9 H M 
 
Table 3-4 Level Settings for Membrane Experimentation 
Membrane UF NF RO 
Level L M H L M H L M H 
Pump Speed (Hz) 20 35 45 20 35 45 20 35 45 
Pressure (psi) 80 110 135 70 235 400 200 350 475 
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The flow was measured by reading the volume of permeate (material which has passed 
through the filter membrane) collected over a period of ten seconds. This was repeated 
randomly throughout the course of each run and an average flow rate for each 
calculated. Sample size of 15 litres was used for the DoE and the experiment was 
repeated for two feedstocks, Feedstock 1 was a 0.5% Fat skim milk and water solution 
with Feedstock 2 being tap water (which has similar COD to milk condensate).  
Various feedstocks were collected from points on dairy sites for processing through the 
filtration membranes. Through iterative processes outlined in Section 6.4 these methods 




3.6 METHODS SUMMARY 
These methods were researched and the results are demonstrated in the next sections. 
Chapters 4, 5,6 and 7 exhibit experimental phases of this thesis. The following schematic 
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4 ESTABLISHING A WATER CLEANLINESS DATUM 
4.1 INTRODUCTION 
As has been outlined in Section 2.3 and 2.6 it is apparent that the dairy industry uses 
significant volume of water throughout the manufacturing process. An aspect to this 
research was to quantity the volume of water in the Irish Dairy industry, this will be 
elaborated on later in this section. It has been further established that as water used 
within the dairy industry is deemed as “food” it is required to satisfy the EU Drinking 
Water Standards. These standards, and the associated limits, have been explored 
previously in detail in Section 2.7.2.  
In order to help promote reuse of recovered water it is a fundamental requirement that 
the recovered water satisfied the EU drinking water standard. However, in order to help 
convince customers that recovered water is a viable alternative, simply satisfying the EU 
standard may not be sufficient.  
This research therefore began by understanding water requirements across a number 
of processing plants and then advanced to completing an analysis of the current water 
cleanliness levels within partner plants. Establishing and setting, a previously unknown 
datum level of water usage volume and cleanliness, across the industry may help 
convince customers that recovered water both satisfies the EU drinking water standard 
and also is of a similar, or in some cases, better level than water currently use on sites. 
This chapter outlines the methodologies used for this aspect of the study and supplies 
the key results.  
4.2 QUANTIFYING WATER USAGE ACROSS WATER SITES. 
While some but not all partner plants may know the total volume of water consumed 
on site, granular level data relating to specific aspects of the process is undocumented. 
Therefore this aspect of the research aims to understand the volume of water used in a 
typical Irish dairy processing site. Initially a questionnaire was developed to understand 
this usage, 5 of the 8 partner plants responded to this investigation. The questionnaire 
is included in Appendix E, Section 10.5  From looking at Table 4-1 to Table 4-6 inclusively, 
it is apparent that, generally speaking, companies employ similar CIP cycles, similar wash 
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durations and similar flush patterns. These tables does not facilitate any deeper analysis 
on product specific processes due to confidentiality issues with the partner plants. 












Frequency of Wash 




At the end of each day 
per Tanker 
2 Yes Yes 27 mins Yes 
At the end of each day 
per Tanker 
3 Yes Yes  Yes 
At the end of each day 
per Tanker 
4 Yes Yes  Yes 
At the end of each day 
per Tanker 
5 Yes Yes 20 mins Yes 
At the end of each day 
per Tanker 
 












Frequency of Wash 
1 Yes Yes 2 - 2.5 hrs 1.5 hrs 
Daily after each 
production run 
2 Yes Yes 2.5 hrs  
Daily / every 10 
hours 
3 Yes Yes 2hrs 10 mins 1 hr 10 mins 
2 short daily and 1 
long daily 
4      
5 Yes Yes   daily 
 
 














Frequency of Wash 
1 Yes Yes EDT 3hrs 
VDP 2hrs 45 
mins 
Daily after each production 
run 
2 Yes Yes 3 hrs  Daily / every 30 hours 
3 Yes Yes 3.5 hrs  
Once or twice daily 
depending of milk levels 
4 Yes Yes 2.5 hrs  
Daily after each production 
run 
5 Yes Yes 
2 hrs 50 
mins 

















1  Yes   
Every 4-6 
weeks 





3  Yes    
4      
5  Yes 
pg 57 site CIP 




times a year, 
lines every 40 
hrs/2days 
 
Table 4-5 Summary of the results from this questionnaire in Cheese Manufacturing 
Cheese 










1 N/A N/A N/A N/A N/A 
2 N/A N/A N/A N/A N/A 
3 Yes Yes 20 10-11hrs Daily 
4 
     
5 
     
 
Table 4-6 Summary of the results from this questionnaire in Butter Manufacturing 
Butter 
Company Flush after Product Rinse after CIP CIP Duration (Long) Frequency of Wash 
1 Yes Yes 3.5 hrs Daily after each 
production run 
2 Yes Yes 3 hrs Daily 
3 Yes Yes 3 hrs Daily after each 
production run 
4 N/A N/A N/A N/A 
5 N/A N/A N/A N/A 
 
Having discussed water usage patterns with the companies, it was then necessary to 
quantify water use. This proved challenging as not all sites had specific water usage 
datasets. To try and populate these datasets three ultrasonic water meters were 
specified and designed before being deployed to partner sites to determine water 
usage. Figure 4-1 and Figure 4-2 illustrate the water meters on site. Figure 4-2 shows the 












These meters work using ultrasonic frequency and bounce a wave from one sensor to 
the other. In order to get the optimum sensor placement a few key pieces of information 
are needed: Pipe diameter, pipe thickness, material of the pipe (usually SS), temperature 
of fluid flowing through the pipe and Reynolds number of the fluid flowing through the 
pipe. A quick guide to installation is illustrated in Figure 4-3. 
Meters were deployed on site for specific period of time and data was collected and 
combined with production volumes for the corresponding time intervals.  Figure 4-4 to 
Figure 4-1 Housing for Data collection and 
distribution of Ultrasonic Water Meters 
Figure 4-2 Ultrasonic Sensors in-situ 
on site 
Figure 4-3 Quick Installation Guide for Ultrasonic Flow meters 
101 
 
Figure 4-6 outlined the data obtained, from these diagrams it is apparent that not all 
sites engaged with the process and for those that did there is significant variation in 
usage. This was typically due to variations within the process and the ability to meter 
specific aspects of the process. Figure 4-4 outlines the overall usage of water on site, 
here it can be seen that the water used on site is broadly in line with levels illustrated in 
the literature review.  
 
Figure 4-4 Water Used on Site for 6 Partnering Sites 
The figures outlined below provide an illustration of the variation within certain 
processes and indeed the unavailability of data.  
 
Figure 4-5 Water used in Milk Separation 
 
Figure 4-6 Water used in Evaporation 
 
This aspect of the research proved challenging, obtaining production volumes from the 
partner sites due to sensitivity was difficult. Developing an overall benchmark or datum 
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of water usage per process was not possible due to differences in operations, products 
and data availability. 
However, this investigation, did uncover several issues within the companies, most 
importantly that in order to manage water usage companies need to measure it. Some 
of the partner plants on the strength of this investigation purchased water meters and 
commenced their own water reduction programmes. This research continued to 
support partners by supporting further metering upon request. 
As discussed in objectives to facilitate water reuse it is first necessary to understand the 
quality of water currently used within the Irish dairy sector. This is outlined in the 
following section.  
4.3 ESTABLISHING WATER CLEANLINESS DATUM: METHODOLOGY 
As has been outlined in Section 2.7 the Dairy Processing Sites are required by legislation 
to monitor the quality of their water. Typically this is performed on each site weekly, 
however not all aspects of the site are monitored each week. The location of the 
sampling point moves throughout the year to ensure a rounded result and to help 
identify any areas of concern within the organisations.  
The EPA requires each of the dairy plants to perform a full suite of water quality tests 
and as has been outlined previously these tests include microbiologic, chemical and 
indicator tests, Section 2.7.2 previously.  
While each organisation is aware of their own specific water cleanliness results, this is 
the first-time data from multiple sites is compiled to provide an industry datum. In order 
to develop this datum level of water cleanliness across the dairy processing section in 
Ireland the following methodology was adopted: 
1. Identify water current water supply for partner plants. 
2. Identify geographical location of the plants. 
3. Gather water cleanliness information. This information is available at each of the 
partner plants as part of their EPA requirements. The results of these reports 
were requested from the participating partner plants for analysis. 
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4. Analysis of the provided reports was undertaken by anonymously comparing the 
results of the partner plants under the key headings: 
a.  Microbiological Standards 
b. Chemical Standards 
c. Indicator Standards 
5. This data was initially carried out for one year (2015) with 4 partner plants but 
was elaborated and extended on to included 2016 and 2017. Results below 
include all three years.  
4.3.1 SELECTION OF PARTNER PLANTS 
As mentioned in Section 4.2 above, in order to have a representative sample it was 
decided to include partner sites who drew water from a variety of sources and from a 
wide geographical spread, as indicated in Table 4-7. 
Table 4-7 Water Supply Details for Participating Companies 
Partner Location Water Source  
Company A Centre Ireland Private Well 
Company B Midwest Ireland River and Private Well 
Company C Midwest Ireland River, Town and Private 
Well 
Company D West Ireland  Town Supply 
 
4.4 ESTABLISHING WATER CLEANLINESS DATUM: RESULTS 
The following section outlines the results obtained when data from the four 
representative companies outlined in Table 4-7 was obtained and analysed under the 
EU drinking water standard criteria. 
4.4.1 MICROBIOLOGICAL STANDARDS 
Table 4-8 outlines the average result across the companies in line with the required 
cleanliness level from EU standard. As expected it is apparent from Table 4-8 below, that 
each of the sites examined are in line with the water cleanliness standard.  
In all cases the water used on site passes the EU Microbiological standard. 
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Table 4-8 Average Microbiological Results achieved on site 2015-2017 inclusive 
Parameter Units EU Company 
Average 
Pass/Fail 
Escherichia coli (E. coli) number/100ml 0 0 Pass 
Enterococci number/100ml 0 0 Pass 
 
The following section outlines an analysis of the water used on site in relation to the 
chemical parameters as laid out by the EU drinking water standard. 
 
4.4.2 CHEMICAL STANDARDS 
Table 4-9 outlines a comparison between the levels of trace chemicals within water used 
in the process across the selected processing sites. Again the information obtained from 
the processing plants is compared to the EU standard with the performance against the 
standard clearly outlined.  
Because the information presented in Table 4-9 is quite dense, this is further shown 























Acrylamide µg/l 0.1 0.0205 80% Selenium µg/l 10 0.88 91% 




µg/l 10 0.34 97% 
Arsenic µg/l 10 0.5346 95% 
Trihalomethanes 
- Total 
µg/l 100 7.697 92% 
Benzene µg/l 1 0.3075 69% Vinyl chloride µg/l 0.5 0.25 49% 
Benzo(a)pyrene µg/l 0.01 0.00126 84% Nitrite mg/l 0.5 0.0123 98% 
Bromate µg/l 10 0.5375 95% Sodium mg/l 200 22.8 89% 
Cadmium µg/l 5 0.06182 99% Pesticides-Total µg/l 0.5 0.01 98% 
























Cyanide µg/l 50 0.8375 98% Sulphate mg/l 250 21.8 91% 
1,2- 
Dichloroethane 
µg/l 3 0.24 93% Boron mg/l 1 0.017 98% 
Epichlorohydrin µg/l 0.1 0.071 29% Copper mg/l 2 0.057 97% 




mg/l 0.8 0.24 70% 





mg/l 1.5 0.466 89% 
Nickel µg/l 20 0.97 95% Nitrate mg/l 50 10.79 78% 
Pesticides µg/l 0.1 0.01 98%  
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From Table 4-9 it is apparent that the water entering and being used in the partner 
plants greatly surpasses expectations set by the environmental standards. The data is 
illustrated in the graphs below. 
 



































Figure 4-9 Chemical Parameters & Results with limits between 10µg/l and 200µg/ll 
 













































Figure 4-11 Chemical Parameters & Results with limits between 2mg/l and 250mg/l 
It is apparent from reviewing the above Figures and Table that once again, in all cases, 
the water used on site passes the EU Chemical standards as set by the EU drinking water 
standard. The following section examines the performance of the incoming water in 
relation to the indicator aspect of the EU drinking water standard.  
4.4.3 INDICATOR STANDARDS 
Table 4-10 outlines the average result obtained from the companies, in line with the 
indicator aspect of the EU drinking water standard. An examination of the data outlines 
that while there is variation across the sites, in terms of conductivity, TOC & pH levels of 
incoming water, all are acceptable when compared to the EU required levels. 
In the case of some the chemical components of the indicator analysis it is apparent that 
the levels are far below the maximum acceptable levels as contained in the EU drinking  
Table 4-10 Average Indicator Results achieved on site 2015-2017 inclusive 




Colour Hazen Units Acceptable to consumer & 
no abnormal change 
3 Pass 
Conductivity µS/cm @ 20°C 2500 536.3 Pass 
Hydrogen ion concentration pH units ≥6.5 ≤ 9.5 7.4 Pass 
Odour N/A Acceptable to consumer & 




Oxidisability mg/l O₂ 5 N/A N/A 
Taste N/A Acceptable to consumer & 












































Turbidity ntu Acceptable to consumer & 
no abnormal change 
0.329 Pass 
Iron µg/l 200 11.164 95% 
Manganese µg/l 50 4.29 92% 
Aluminium µg/l 200 15.275 92% 
Ammonium mg/l 0.3 0.0183 630% 
Chloride mg/l 250 23.397 91% 
Clostridium Perfringens (incl 
spores) 
number/100ml 0 0 Pass 
Colony Count @ 22°C cfu/ml No abnormal change 4.4 Pass 
Coliform Bacteria number/100ml 0 0 Pass 
Full breakdown of these results are included in Appendix F, Section 10.6. It can be seen 
from Table 4-10 that there is no result returned for Oxidisability for any of the 
companies. The EPA do not require this parameter to be measured if the parameter TOC 
is analysed. Indeed, the EPA recommends that TOC is measured rather than oxidisability 
in all water supplies as “it is a more useful parameter and easier to determine” 
(Environmental Protection Agency, 2015) and as can be seen from Table 4-10 above all 
companies record acceptable levels of TOC in incoming water.  
From examining Sections 4.4.1, 4.4.2 and 4.4.3 it is apparent that all the partner 
companies are in compliance with the EU drinking water standard. However from 
examining the water cleanliness standard it is apparent that there are 49 individual 
parameters which potential recovered water could be tested for. This volume of testing 
is not practical and therefore key parameters which indicate the quality of the water are 
required. The following section outlines the consultation process undertaken with 
industrial experts to identify the key critical indicators which would be required to 
classify dairy waste streams and to verify the quality of recovered and recycled water. 
4.4.4 WATER CLEANLINESS STANDARD QUESTIONNAIRE: ANALYSIS. 
Appendix G, Section 10.7 contains the questionnaire and responses, initially 
respondents were asked which section of the standards were of concern to their 
organisation and which were not, depending on how they answered this question 
participants could skip to the relevant sections. 
Questions 3 to 5 in the survey focus on the microbiological standards, here companies 
were asked to rank key parameters and indicate those which could be omitted from 
water quality testing based on the assumption any water recovered will be from waste 
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streams created in the process. 75% of respondents were concerned with 
microbiological factors.  
It was established that industrial respondents felt that none could be omitted and that 
all were deemed important to be considered. Therefore E-Coil, Coliforms, TBCs, 
Enterococci and yeasts & moulds should be considered where possible.  
Question 5 asked if there were any parameters which respondents felt could be omitted, 
here it is apparent that for microbiological none should be omitted from testing, but 
some were of less importance than others for example yeasts and moulds.  
Questions 6 to 8 examine physical properties of the water, here again all parameters 
were deemed important, key parameters include conductivity, pH and COD.   
Question 9 concerns radioactivity, none of the industrial participants were concerned 
with this in the recovered water, most likely as it is highly unlikely to be contained in the 
waste stream.  
Questions 10-13 address trace metals.  One company was concerned with trace metals.  
These are improbable to be present in the waste streams. As only one industrial 
participant responded and the others deemed this section unlikely to occur, these 
parameters will not be considered for inclusion in testing. 
Questions 14 to 16 refer to Chlorine containing chemicals, here 75% of the companies 
responded indicating illustrating concern with these elements.  
The final section of the questionnaire examines other chemicals which do not fall into 
trace metal or chlorine containing chemicals. Here from the responding participants 
ammonium, fluoride, nitrate, nitrite were deemed important.  The following table aims 




4.4.5 SURVEY SUMMARY 
It is possible through analysis of the questions answered by the participating companies 
and the ranking attributed to the parameters to develop a list of parameters to be 
analysed. These are as follows: 
Table 4-11 EU Drinking Water Standard: Criteria Deemed Important by Industry 
Parameter Justification 
Conductivity Ranked 4th in importance by industrial participants (1st from two 
respondents) 
TOC/COD Ranked as most important by industrial participants 
pH Ranked 3rd in importance by industrial participants (2nd from two 
respondents) 
Ammonium Ranked as most important by industrial participant (1st from two 
respondents)  
Fluoride Ranked 3rd in importance by industrial participants (1st from two 
respondents) 
Chloride Ranked as most important by 2 industrial participants (3rd from three 
respondents) 
Nitrate Ranked as most important in this category by 2 industrial 
participants (2nd from two respondents) 
Nitrite Ranked 2nd in importance by 2 industrial participants (2nd from two 
respondents) 
E-Coli Ranked 1st by 2 respondents (3rd from 4 respondents) 
Coliforms Ranked 1st by 1 and 2nd by 2 industrial participants (3rd from 4 
respondents) 




Sulphates*   
*Items not specifically required by the EPA such as Total Dissolved Solids (TDS) and 
sulphates were included following informal discussions with industry partners.  
 
The following section aims to summarise the key findings of this section of the work 
before outlining the next phase of experimental activity. 
 
 
4.5 ESTABLISHING WATER CLEANLINESS DATUM: SUMMARY 
The objective of Chapter 4 was twofold: 
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a) To understand the cleanliness levels of water currently used on site within the 
Irish dairy processing section. 
b) To determine which aspects of the EU drinking water standard are of critical 
concern to the industry. 
Section 4.4 has established, that for Microbiological, Chemical and Indicator parameters 
the water currently used on sites, whether this is abstracted from ground (well), surface 
water (lake/river) or via council supply, is better than the EU drinking water acceptable 
levels. 
It can be stated therefore that this research has resulted in a new, previously 
unquantified datum level of cleanliness.  
In order to satisfy customer expectations and to promote the reuse of recovered water 
it may not be sufficient to simply meet the water standard but rather to achieve this 
new datum level of expected water cleanliness. In other words to match the raw water 
cleanliness levels currently being achieved across dairy processing plants in Ireland.  
It was further established that there are a number of parameters which may be 
considered for analysis. A detailed consultation with industry has led to the 
development of classification criteria which are deemed important. These criteria have 
been outlined in Table 4-11. 
Having established the parameters of the potable water standard with which were of 
concern to industry with regard to water reuse, it was then necessary to examine a 
number of waste streams to establish the levels of the above parameters within those 
waste streams.  
As outlined in the summary of the literature review, there is a current gap in the 
knowledge regarding classification of dairy waste streams particularly in relation to 
chemical parameters and in comparison to the EU drinking water standards. The 




5 DAIRY WASTE STREAM CLASSIFICATION 
5.1 INTRODUCTION   
It has been established previously in the Literature Review that cows’ milk consists of 
approximately 87% water and 13% dry substance (Fat, Protein, Lactose etc) therefore 
the possibility of using the water-based by-products of the milk processing process as a 
water replacement exists. This would reduce the impact on water reserves. However, as 
customer confidence is a key critical concern, to promote this reuse of process water it 
is a fundamental requirement that it meets or exceeds the cleanliness standards of 
current mains water supply.   
Developing a detailed classification of typical dairy processing by-product streams 
represents a significant contribution to understanding the potential recover reusable 
water from these by-products. As stated by Demirel (Demirel, Yenigun and Onay, 2005), 
information about the general characteristics of dairy wastewater from full-scale 
operations in literature is scarce. This limitation of previous research have been explored 
in the Literature Review, Section 2.6. 
Before identifying suitable recovery or recycling systems it is first necessary to outline 
and characterise typical dairy waste streams across multiple sites. Particular focus was 
given to a diversity of processing sites and process steps. It has already been noted the 
characteristics of these by-products (currently called effluents) vary greatly depending 
on the type of system and methods of operation used.  
Characterising waste streams from multiple sites ensures that recovery and recycling 
systems can be designed in a targeted fashion to eliminate contaminants which are most 
prevalent across the industry. This section of the thesis therefore presents a detailed 
wastewater classification, obtained from four of the largest dairy processers in Ireland, 
referred to as Company A to D within the results.  
A total of 23 samples were obtained from these dairy processors, each sample was 
collected twice, once in peak production season and once in low production (off season). 
The methodology section outlines the data gathering. By characterising these waste 
streams this research hopes to inform water recovery systems with typical industrial 
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operating limits of selected key criteria. This in turn will promote effective and efficient 
water recovery options to reduce hydraulic demand within the process.  
As examined in Section 4.5.2 above, industrial participants helped to identify key 
chemical parameters to be considered. These are summarised below in Table 5-1. 
Table 5-1 Chemicals of Interest as identified through industrial survey 
Other areas of interest which emanated from the survey were Chemical Oxygen Demand 
(COD) levels of the samples, pH, Total Dissolved Solids (TDS) and Conductivity, where 
possible sulphates and microbiological performance, such as; e-coli, Coliforms and Total 
Bacteria Count (TBC), were also examined for some of the waste streams. The following 
section outlines the repeatability of the equipment used for this aspect of the study. 
5.2 OPERATOR VARIABILITY HACH 
In order to test repeatability of the equipment, a stock solution of NH4Cl was developed, 
samples of various concentrations were tested 5 times on the HACH DR3900 Benchtop 
Spectrophotometer (Appendix H, Section 10.8) for ammonium level. 
In the case of Ammonium Test LCK304 all required additional reagents were contained 
within the cap of the test. This was sealed using foil and was referred to a DosiCap Zip. 
This testing procedure for this test was as follows; (as per HACH instructions also 
attached in Appendix I in Section 10.9). 
 Carefully remove the foil from the screwed-on DosiCap Zip. 
 Unscrew DosiCap Zip. 
 Pipette 5.0 ml of sample into cuvette. 
 Immediately screw the DosiCap Zip back; fluting at the top. 
 Shake firmly. 
 After 15 minutes thoroughly clean the outside of the cuvette and evaluate. 
Table 5-3 outlines the results from this phase of experimentation, it is apparent that the 
standard deviation between each test is quite low, indicating repeatability of the 
equipment. 
Chemical Importance level EU Standard  (mg/l) 
Chloride  Very High 250 
Ammonium High 0.3 
Fluoride High 0.8 
Nitrate Very High 50 
Nitrite Very High 0.5 
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1.75 1.82 1.82 1.83 1.84 1.84 1.83 0.010 
1.25 1.55 1.55 1.55 1.55 1.55 1.55 0.000 
1.00 0.922 0.924 0.925 0.926 0.927 0.9248 0.002 
0.625 0.382 0.383 0.383 0.383 0.385 0.3832 0.001 
0.5 0.371 0.374 0.375 0.375 0.377 0.3744 0.002 
0.25 0.188 0.189 0.19 0.19 0.19 0.1894 0.001 
0.125 0.099 0.1 0.1 0.101 0.102 0.1004 0.001 
0.05 0.033 0.033 0.033 0.034 0.035 0.0336 0.001 
0.025 0.022 0.024 0.024 0.024 0.025 0.0238 0.001 
 
From Table 5-3 it is also apparent that the operator repeatability in testing is high and 
the variance in testing of samples is quite low. Having previously outlined the key 
chemicals of interest and established the machine and operator performance the next 
section outlines waste classification results.  
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5.3 ESTABLISHING DAIRY WASTE STREAM CLASSIFICATION: ANALYSIS 
5.3.1 CHEMICAL CHARACTERISATION 
For analysis this section is separated into the various tests performed from samples 
obtained at various stages of production e.g. Nano-filtration permeates, evaporator 
condensates, Reverse Osmosis permeates. As mentioned in the introduction this section 
aims to illustrate potential variation in the waste streams to help provide meaningful 
process data to aid potential recovery of water. Unfortunately, for Company A repeat 
samples in 2018 were unavailable due to reconfiguration of production processes and 
therefore, year on year comparison not possible, however results have been included to 
provide information on variation between companies.  
Table 5-3 outlines the Ammonium levels found within the waste stream samples. Where 
results are obtained for both years, these are shown graphically in Figure 5-1, to 
facilitate comparison. 
Table 5-3 Waste Stream Analysis Ammonium levels 
Compa
ny 




Waste Stream Ammonium 
(mg/L) 2017 2018 2017 2018 
A NF P Product A -0.0091 N/A C Condensate 0.452 0.441 
A NF P Product B -0.0151 N/A C Separator De-sludge 
Line 
0.477 0.837 
A NF P Product C -0.0211 N/A C De-Sludge 0.415 1.08 
A RO R  -0.021 N/A D RO Permeate 0.275 N/A 
A NF P Product D 1.36 N/A D Condensate A 0.42 2.34 
B Permeate 
Product A 
0.559 1.36 D Condensate B 0.562 1.31 
B ermeate
Product B 
0.777 0.55 D UO Permeate 0.458 0.446 
B ermeate
Product C 
0.474 0.695 D Treated Effluent 0.419 N/A 
B Condensate 0.643 0.503 D UO Permeate B N/A 6.54 
B Permeate 
Product D 
0.511 3.65 D UO Permeate C N/A -0.019 
B ermeate
Product E 
0.653 3.9 D UO Permeate D N/A -0.021 
B ermeate
Product F 




*NF (Nano Filtration), P (Permeate), RO (Reverse Osmosis), R (Retentate)  UO (Ultra Osmosis) 
1Negative numbers suggested a low or zero level of ammonium detected. 
 




























From the EU drinking water standard the maximum acceptable level of ammonium is 
0.3mg/L, it is apparent from Table 5-4 that in general the waste streams examined were 
found to have levels of ammonium in excess of this. 
Table 5-4 and Figure 5-2 indicate the levels of fluoride which was found in the various 
waste streams. From the EU Drinking water standard the maximum acceptable level of 
fluoride is 1.5 mg/L. From examining Table 5-5 below there is significant variability 
across products and also across years. This is illustrated more clearly in Figure 5-2 where 
results obtained from the same waste stream at different times of the year are 
illustrated. 
Table 5-4 Waste Stream Analysis Fluoride levels 
Company Waste Stream Fluoride  (mg/L) Company Waste Stream Fluoride  (mg/L) 
2017 2018 2017 2018 
A NF P Product A 3.95 N/A C Condensate -0.0211 -0.0411 
A NF P Product B 4.09 N/A C Separator De-
sludge Line 
0.324 -1.391 




A RO R 3.83 N/A D RO Permeate 0.315   
A NF P Product D 3.64 N/A D Condensate A 0.565 0.08 
B Permeate Product A 2.38 0.09 D Condensate B -0.3881 0.135 
B Permeate Product B -0.4581 0.346 D UO Permeate 3.68 11 
B Permeate Product C -0.1751 0.003 D Treated 
Effluent 
-1.21   
B Condensate 2.07 0.02 D UO Permeate 
B 
  2.11 
B Permeate Product D -0.21 0.0541 D UO Permeate 
C 
  16 
B Permeate Product E -0.1931 0.061 D UO Permeate 
D 
  37.3 
B Permeate Product F -0.2151 -0.0011   
*NF (Nano Filtration), P (Permeate), RO (Reverse Osmosis), R (Retentate)  UO (Ultra Osmosis) 




Figure 5-2 Inter Year comparison Fluoride Levels across waste streams 
Table 5-5 below outlines the Nitrate levels observed in the collected waste streams from 
the participating partner plants. It was noted that compared to the maximum acceptable 
nitrate levels  in the drinking water standard of 50 mg/L, it is apparent that all the waste 
streams  are well within acceptable levels.  
Table 5-5 Waste Stream Analysis Nitrate levels 
Company Waste Stream Nitrate (mg/L) Company Waste Stream Nitrate (mg/L) 
2017 2018 2017 2018 
A NF P Product A 0.009 N/A C Condensate -0.091 0.097 
A NF P Product B 1.12 N/A C Separator De-Sludge Line 1.29 2.7 
A NF P Product C -0.2511 N/A C De-sludge 15.3 3.26 
A RO R 0.871 N/A D RO Permeate 0.074   
A NF P Product D 0.08 N/A D Condensate A 0.117 0.216 
B Permeate Product A 1.28 0.113 D Condensate B 1.25 0.476 
B Permeate Product B 0.225 0.291 D UO Permeate 0.256 0.786 
B Permeate Product C 0.174 0.183 D Treated Effluent 16.7   
B Condensate 2.63 0.82 D UO Permeate B   0.24 
B Permeate Product 
D 
-0.1251 0.112 D UO Permeate C   0.194 
B Permeate Product E 0.698 0.135 D UO Permeate D   0.371 
B Permeate Product F -0.2581 0.278   
*NF (Nano Filtration), P (Permeate), RO (Reverse Osmosis), R (Retentate)  UO (Ultra Osmosis) 



























Figure 5-3 Inter Year comparison Nitrate Levels across waste streams 
By examining Figure 5-3 it is again possible to see the variation between samples taken 
at different points of the year.  
Table 5-6 outlines the results obtained when the various waste streams were analysed 
to establish the Nitrite levels present. There the EU drinking water standard sets a 
maximum acceptable level of 0.5 mg/L. An analysis of Figure 5-4 indicates that for the 
waste streams examined that all samples are below this acceptable level. There is one 
outliner, the separator desludge for Company C Year 2, with a value of 0.56 mg/L. This 
can be attributed to the cloudy nature of the sample which may have influenced the 
spectrometer which works optimally with water.  
Table 5-6 Waste Stream Analysis Nitrite levels 
Company Waste Stream Nitrite (mg/L) Company Waste Stream Nitrite (mg/L) 
2017 2018 2017 2018 
A NF P Product A 0.013  N/A C Condensate 0.006 0.016 
A NF P Product B 0.013 N/A C Separator De-sludge 
Line 
0.023 0.566 
A NF P Product C 0.006 N/A C De Sludge N/A N/A 
A RO R 0.013 N/A D RO Permeate 0.014 N/A 
A NF P Product D 0.009 N/A D Condensate A 0.031 0.025 
B Permeate Product A 0.05 0.016 D Condensate B 0.004 0.025 
B Permeate Product B 0.006 0.023 D UO Permeate 0.0041 0.019 
B Permeate Product C 0.007 0.02 D Treated Effluent 0.063  N/A 
B Condensate 0.126 0.088 D UO Permeate B   0.104 
B Permeate Product D 0.006 0.018 D UO Permeate C   0.025 
B Permeate Product E 0.029 0.014 D UO Permeate D   0.02 
B Permeate Product F 0.007 0.011    
*NF (Nano Filtration), P (Permeate), RO (Reverse Osmosis), R (Retentate)  UO (Ultra Osmosis) 
























Figure 5-4 Inter Year comparison Nitrite Levels across waste streams 
Figure 5-4 indicates the year on year comparison of Nitrite levels. There is minimal 
variation across samples for this particular parameter year on year. 
As outlined in Section 4.4 the industrial partners were interested in understanding the 
level of sulphates present in their waste stream. As such this was included in the initial 
suite of tests for Year 1. Table 5-7 outlines the results obtained from this investigation.  
Table 5-7 Waste Stream Analysis Sulphate levels for 2017 
Company Waste Stream Sulphate (mg/L) Company Waste Stream Sulphate (mg/L) 
A NF P Product A 32.8 B Permeate Product D 11.7 
A NF P Product B 12.6 B Permeate Product F 10.7 
A NF P Product C 12.1 C Condensate 11.3 
A RO R 38.9 C Separator De-Sludge Line 64.5 
A NF P Product D 10.3 D De Sludge N/A 
B Permeate Product A 13.7 D RO Permeate 12.3 
B Permeate Product B 10.7 D Condensate A 20.5 
B Permeate Product C 11.4 D Condensate B 30.8 
B Condensate 12.4 D UO Permeate 11.5 
B Permeate Product E 10.7 D Treated Effluent 38.8 
 
Having examined the various waste streams with regard to the key chemical parameters 
it was then necessary to examine the waste streams with regard to the indicator 
parameters. The following section include TDS, COD, pH and conductivity. The following 
























5.3.2 INDICATOR CLASSIFICATION  
Table 5-8 provides a comparison between the Total Dissolved Solids (TDS) present in the 
various waste streams year on year. It is apparent from this table that there is significant 
variation across the waste streams. 
Table 5-8 Waste Stream Analysis: Total Dissolved Solids 
Company Waste Stream TDS (ppm) Company Waste Stream TDS (ppm) 
2017 2018 2017 2018 
A NF P Product A 5280  N/A C Condensate 3 3 
A NF P Product B 3810  N/A C Separator De-Sludge Line 6 200 
A NF P Product C 4080  N/A C De Sludge 1250 808 
A RO R 6310  N/A D RO Permeate 19   N/A 
A NF P Product D 989  N/A D Condensate A 57 33 
B Permeate Product A 213 10 D Condensate B 120 59 
B Permeate Product B 13 28 D UO Permeate 2700 911 
B Permeate Product C 14 13 D Treated Effluent 2480   N/A 
B Condensate 144 10 D UO Permeate B   1480 
B Permeate Product D 45 29 D UO Permeate C   5590 
B Permeate Product E 37 25 D UO Permeate D   6460 
 
Table 5-9 below, examines the conductivity within the waste streams, here again there 
is noticeable variation between the samples and year on year. 
Table 5-9 Waste Stream Analysis of Conductivity 
Company Waste Stream Conductivity 
(µS/cm) 
Company Waste Stream Conductivity 
(µS/cm) 
2017 2018 2017 2018 
A NF P Product A 4041  N/A C Condensate 0 0 
A NF P Product B 3992  N/A C Separator De-Sludge 
Line 
319 319 
A NF P Product C 4051  N/A C De Sludge 2198 1376 
A RO R 4065  N/A D RO Permeate 7.3   N/A 
A NF P Product D 1832  N/A D Condensate A 95.5 66.2 
B Permeate Product 
A 
382 6 D Condensate B 235 115.7 
B Permeate Product 
B 
11 35 D UO Permeate 5264 1665 
B Permeate Product 
C 
19 12 D Treated Effluent 5075  N/A  
B Condensate 272 6 D UO Permeate B   3159 
B Permeate Product 
D 
788 36 D UO Permeate C   11174 
B Permeate Product 
E 
66 33 D UO Permeate D   12540 
B Permeate Product 
F 
17 0         





Table 5-10 examines the COD levels found in the waste streams, differences year on year 
vary from as much as 230% to as low as 4%. 
Table 5-10 Waste stream Analysis: Chemical Oxygen Demand (COD) 
Company Waste Stream COD (mg/l) Company Waste Stream COD (mg/l) 
2017 2018 2017 2018 
A NF P Product A 2982  N/A C Condensate -57.21 66.1 
A NF P Product B 1741  N/A C Separator De-Sludge Line 30.4 1387 
A NF P Product C 649  N/A C De Sludge 19144 11774 
A RO R 3606  N/A D RO Permeate 672  N/A  
A NF P Product D 1017  N/A D Condensate A 17.4 48.5 
B Permeate Product A 78.6 46.8 D Condensate B 40.7 17.1 
B Permeate Product B 46.8 155 D UO Permeate 613 878 
B Permeate Product C 85.5 59.6 D Treated Effluent 24.2  N/A  
B Condensate 115 21.7 D UO Permeate B   2979 
B Permeate Product 
D 
130 125 D UO Permeate C   1254 
B Permeate Product E 109 121 D UO Permeate D   1103 
B Permeate Product F 22.6 60.6         
*NF (Nano Filtration), P (Permeate), RO (Reverse Osmosis), R (Retentate)  UO (Nano filtration) 
1Negative numbers suggested a low or zero level of COD detected. 
 
Table 5-11 illustrates the pH levels found across the various samples. It can be seen that 
these vary from pH levels as low as 2 up to 10. The average pH level for the waste 
streams was 6. 
Table 5-11 Waste Stream Analysis: pH levels 
Company Waste Stream pH  Company Waste Stream pH 
2017 2018 2017 2018 
A NF P Product A 2.08 N/A C Condensate 7.32 7.41 
A NF P Product B 2.27 N/A C Separator Desludge Line 6.97 10.06 
A NF P Product C 2.23 N/A C De Sludge 6.9 8.5 
A RO R 4.59 N/A D RO Permeate 8.09 N/A 
A NF P Product D 6.12 N/A D Condensate A 7.9 7.11 
B Permeate Product A 4.87 6.09 D Condensate B 7.54 7.17 
B Permeate Product B 5.97 5.8 D UO Permeate 5.37   
B Permeate Product C 5.77 6.85 D Treated Effluent 7.92 N/A 
B Condensate 5.76 7.17 D UO Permeate B   6.16 
B Permeate Product 
D 
3.97 4.39 D UO Permeate C   6.32 
B Permeate Product E 4.46 5.62 D UO Permeate D   2.07 






5.3.3 BIOLOGICAL CLASSIFICATION 
5.3.3.1 Microbiological Testing Methods  
Microbiological parameters such as Coliforms, E-Coli and Total Bacteria Count were 
tested using IDEXX Quanti-Tray methods and IDEXX Simplates. The steps involved in 
Coliforms and E-Coli are outlined below: 
1. Collect 100ml of Sample in sodium thiosulfate lined, sterile, container. 
2. Refrigerate until testing 
3. Add Colilert sachet to the bottle 
4. Shake until contents are mixed. 
5. Pour entire contents into a Quanti-Tray 
6. Seal Quanti-tray using heat sealer 
7. Incubate @35°C for 18hrs 
8. Remove and Count number of yellow wells 
a. Refer to MPN chart for Coliform count 
9. View under UV light and count number of fluorescent wells 
a. Refer to MPN chart for E-Coli count 
Examples of IDEXX Quanti-Tray results are shown in Figure 5-5 below. It is worth noting 
that this is one test for two parameter readings. The reference MPN chart can be found 
in Appendix J in Section 10.10. 
                 






The steps involved in TBC or HPC count are outlined below: 
1. Collect 100ml of Sample in sodium thiosulfate lined, sterile, container. 
2. Refrigerate until testing 
3. Make media by adding 100ml of pure water to a provided media vessel. 
4. Shake until all media is mixed 
5. Add 1ml of Media to Simplate 
6. Add 9ml of sample to Simplate 
7. Cover and swirl until all wells are filled. 
8. Invert and Incubate @41°C for 48 - 72hrs 
9. Remove Simplate and place under UV light 
10. Count illuminated wells 
a. Refer to MPN Table for TBC count. 
Examples of Simplates results are shown in Figure 5-6 below. The reference MPN chart 
for HPC can be found in Appendix J in Section 10.10. 
 
Figure 5-6 SIMPlate Results Under UV Light 
 
Results were obtained for a number of the samples for biological testing however due 
to difficulties with storage and transportation of samples, this analysis was only 





Table 5-12 Microbiological Results on Waste Streams collected from Irish Dairy Processing 
Plants 









MPN Count MPN 
A NF P Product A 0 <1 0 <1 0 <2 
A NF P Product B 0 <1 0 <1 3 6 
A NF P Product C 0 <1 0 <1 0 <2 
A RO R 5,15 
 
0 <1 50 151 
A NF P Product D 51 
 
51 >200.5 60 209 
B Permeate Product A All >200.5 51 >200.5 
  
B Permeate Product B 0 <1 3 3.1 
  
B Permeate Product C 0 <1 0 <1 
  
B Condensate 25 34.4 51 <1 
  
B Permeate Product D 0 <1 0 <1 
  
B Permeate Product E 0 <1 0 <1 
  
B Permeate Product F 0 <1 0 <1 
  
C Condensate 0 <1 51 
 
55 177 
C Separator Desludge 
Line 
4 4.2 51 
 
39 104 
C De Sludge cloudy N/A cloudy N/A 27 65 
D RO Permeate 0 <1 51 >200.5 53 166 
D Condensate A 0 <1 46 118.4 67 266 
D Condensate B 30 45.3 29 42.9 66 257 
D UO Permeate 51 >200.5 51 >200.5 51 156 





5.4 ESTABLISHING DAIRY WASTE STREAM CLASSIFICATION: SUMMARY 
The above section has outlined the variability within the various dairy waste streams. 
From the various figures it is apparent that there is minimal repeatability between the 
samples taken from the same location. The influence of seasonality within the dairy 
processing sector is evident in the waste generated. 
When examining and comparing differences in the waste generated from different 
production processes, different companies and different products, it is apparent that 
there is wide variation within plants and across plants nationwide. 
From the Literature Review it was apparent that while previous work had been 
completed in the classification of dairy waste streams there was a gap in previous 
knowledge in relation to a chemical analysis of key parameters. This research has 
presented a comprehensive analysis of the chemical components associated with the 
various waste streams. It has also referenced these chemical levels to the drinking water 
standard.  
Some questions arising from negative results being returned by the HACH spectrometer 
were addressed by contacting the manufacturer and its quality support team. Their 
suggestions were to recalibrate the instrument but were confident in their 
communication that negative results, once the sample being was water solution and not 
a colloid or suspension, can be treated as 0 or trace levels of the chemical being tested 
for. The machine was calibrated after the fact but samples were not available for 
retesting and to the end the results obtained were reported. It was evident to the user 
that the trends seen were reflective of trends in of other samples.  
It is apparent while in some instances, waste streams may be able to be used without 
treatment (certain condensate streams) that in general a recovery system will need to 
be employed. From the results in this section it is apparent that this recovery system 
needs to be able to cope with a wide variation in the incoming waste streams.  
As identified in the literature review, filtration and nanotechnology (zeolites) offer the 
best opportunity for further investigation with regard to developing a system which can 
extract drinking water from the waste streams. The following chapter examines the 
methodology and analysis of the investigation into various filtration methodologies. 
128 
 
6 EXAMINATION OF FILTRATION PROCESS WITH REGARD TO DAIRY WASTE WATER 
REUSE  
6.1 INTRODUCTION 
This chapter will focus on the various filtration experiments performed to determine if 
dairy waste streams can achieve the drinking water standard post filtration. This section 
exhibits the results obtained from series of filtration experiments, with subtle changes 
through iterations, with a view to establishing effectiveness on different waste streams. 
The objective of this chapter is to investigate the effectiveness of various filtration 
membranes on real dairy waste streams. The experimental approach was outlined in the 
Methods Chapter Section 3.4 and Section 3.5. The following sections discuss the 
experiments and their results. 
6.2 SAMPLE SIZE FOR EXPERIMENTATION 
Tests were performed, and procedure outlines in Section 3.4, to see if there was a 
difference between the results produced from a run of a 100 L solution and a 15 L 
solution.  
The COD of the first permeate through the filter was measured; the water flux rate was 
also recorded then. The 100 L run was run twice with COD level recorded at various 
stages before and after pressure rates were changed. This was to produce results to see 
if the pressures and time had an impact on the quality outcomes. Figure 6-1 and Figure 
6-2 that are shown below provide the results from the Run 1 and Run 2 of the two 100L 
test trials. 
As can be seen, the initial COD levels are quite high at 2741 mg/l and 1986 mg/l 
respectively. However, the results COD levels for both runs reduce post filtration, with 
the UF membrane reducing the COD levels between 69.99% and 88.91%.  
The flux rate changes considerably as the filter becomes fouled as filtration duration 
increases. When the flow rate dropped, the pressure on the machine was increased. 
Therefore each time the flow rate increases on the graph, it represents an increase in 
the process running pressure. 
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It should be noted that the COD levels do not vary greatly when the pressure is 
increased. It must also be noted, that as can be seen from the Waste stream 
classification section, Table 5-10,that the COD levels in a typical dairy waste stream will 
not be above 1000 mg/l. 
 
Figure 6-1 Run 1, 100 L Test Trial 
 
Figure 6-2 Run 2, 100 L Test Trial 
The same 1% milk solution was made up for test trials on 15 L runs. The same procedure 
was carried out taking initial COD levels and water flux rate as the process began. The 
flux rate was measured every half hour after this to see if there was any effect on filter 
performance over time. The COD was tested at various stages to ensure the quality 








































































































































































Figure 6-3 and Figure 6-4 show the results from the Run 1 and Run 2 of the two 15L test 
trials. As can be seen, the initial COD levels are again high at 2243 mg/l and 1909 mg/l 
respectively. These equate to the 100 L samples which had COD levels of 2741 mg/l and 
1986 mg/l respectively. 
The COD is plotted on the secondary axis within these figures and as with the 100 L 
samples COD levels reduce post filtration, here reductions of 76.28% and 80.38% are 
established. Again, the flux rate changes considerably as the filter becomes fouled. It 
also should be stated that the 15 L runs had a duration of marginally over an hour at 1 
hour 2 minutes. The 100 L runs had upwards on 6 hours of a run as seen in Figure 6-1 
and Figure 6-2. 
 
Figure 6-3 Run 1, 15 L test trial 
 
Figure 6-4 Run 2, 15 L test trial 













































































At the end of Run 1, 100 L test the COD level was 441 mg/l, at the end of Run 2, 100 L, 
COD level was 596 mg/l. When examining Run 1 and Run 2 15 L tests, the COD levels 
were 532mg/l and 420 mg/l respectively.  
It can be stated therefore that similar COD levels are found regardless of sample size 
and as such 15 litres was selected as standard sample size for future experimentation.  
With the sample size agreed it was then necessary to establish the desirable operating 
parameters of the filtration equipment. The results of the DoE performed are in the 
following section. 
6.3 DOE ON FILTRATION MACHINE 
The responses of the Design of Experiments on the filtration operating parameters are 
outlined below in Table 6-1. To mimic production environment two feedstocks were 
used, Feedstock 1 was a 0.5% Fat skim milk and water solution with Feedstock 2 being 
tap water (which has similar COD to milk condensate). 
Table 6-1 Responses in terms of permeate flow from both iterations of DoE 
  Flow Rate (L/h) 
Speed (Hz) Pressure (psi) UF ¹ NF¹ RO¹ UF² NF² RO² 
L M 11.62 12.14 11.20 31.62 28.44 15.71 
M M 15.45 17.58 17.31 27.76 28.89 19.04 
L L 7.49 5.76 6.31 24.77 11.26 5.93 
M H 11.45 19.88 8.64 39.36 51.12 7.16 
L H 11.57 11.67 11.78 36.22 52.44 8.76 
H H 14.73 13.76 19.29 33.12 51.84 6.35 
H L 11.16 7.94 12.72 21.24 12.56 6.26 
M L 11.23 10.61 10.35 24.34 9.86 10.88 
H M 13.25 7.95 13.61 32.46 35.32 4.13 
1Feed Stock 1  
2 Feed Stock 2 
 
Using these responses, a statistical analysis of variance was performed using Minitab 
with Table 6-2 showing the corresponding p-values found in this experiment. 
Table 6-2 P-Table of corresponding p-values for Analysis of Variance for responses found 
 Analysis of Variance p-value* 
 UF1 NF1 RO1 UF2 NF2 RO2 
Speed (Hz) 0.067 0.041 0.305 0.709 0.231 0.241 
Pressure (psi) 0.020 0.041 0.414 0.014 0.000 0.294 




With regard to RO membrane there is no significant input factor, both speed and 
pressure have p-values greater than 0.05, further investigation would be required to 
understand the influence of external factors such as fouling of membrane, CIP frequency 
and solids content of the feedstock.  
However, from Table 6-2 it is clearly apparent that for both UF and NF membranes on 
the filtration unit in question, pressure was statistically significant. The effect of pump 
speed was not statistically significant.  
Therefore, to increase output flow rate the pressure of the system should be increased 
however to achieve a balance between increasing output flowrate, long term viability of 
membranes and the equipment an operating setting of medium speed with high 
pressure is recommended.  
6.4 FILTRATION EXPERIMENTS 
Having outlined the desired operating parameters of the filtration system and the 
required feedstock, it is now necessary to filter real world dairy processing wastewater. 
6.4.1 FILTRATION EXPERIMENT 1 
Initial filtration experiments consist of running dairy waste feedstock through UF, NF 
and RO filters. Chemical analysis on the incoming feedstock and the filtered material will 
be performed to determine the effectiveness of the filtration system. The following 
points outline the experimental procedure. This is illustrated in Figure 6-5 below. 
 Classify the initial feedstock. 
 Pass 15 litres of initial material through each filter membrane, in total 15 litres 
were passed through UF, NF and RO membranes.  
 Retentate and Permeate streams from each filter were sampled. 
 A composite sample consisting of permeate from UF, NF and RO filters was 
compiled for chemical analysis. Chemical analysis performed on criteria deemed 
most important as identified through surveys of partner companies, outlined in 
Section 3.5, 
 Should the composite permeate stream exceed the minimum level acceptable 
for the EU standard for chemical analysis, the individual permeate streams were 
subjected to chemical analysis. 
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 Permeate and Retentate samples from all 3 filters were analysed for 
Conductivity, Total Dissolved Solids (TDS), pH and Chemical Oxygen Demand 
(COD). 
 COD samples were tested using two tests, Test 1 for samples with a range <150 
mg/l COD and Test 2 for samples with a range <1000 mg/l. As the COD value was 
unknown prior to testing all samples were exposed to Test 1 and Test 2. 
 
Figure 6-5 Schematic of Experimental Methodology. 
As outlined previously the initial step was to classify the incoming material under the 
specified criterial, the characterisation of Material 1 is outlined in Table 6-3. 















7270 4.95 892 3590 0.03 1.29 0.176* -0.015* 12.9*  
*Under Measuring Range      
The following section outlines the results obtained from examining the Permeate and 
Retentate streams from the filtration process using the different filters outlined above.  
It should be noted that between each filter changeover the machine was washed using 
an acid and caustic wash to ensure that both the machine setup was the same for each 




6.4.1.1 Ultrafiltration (UF) Results. 
Table 6-4 below illustrates a comparison between the initial characteristics of Material 
1 and the Permeate and Retentate streams post UF filtration. By examining this 
comparison, it is possible to establish the effect, if any, of UF filtration on Material 1. 
Table 6-4 Analysis of Material 1 Pre and Post UF Filtration 
Parameter Unit Initial Sample UF Permeate UF Retentate 
Temperature (  ̊C) 10 16.2 17.4 
Conductivity μs/cm 7270 6810 6940 
pH pH 4.95 5.2 5.46 
Total Dissolved Solids (TDS) mg/l 3590 3200 3040 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 890 896 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1569 -61.7 1593 
The negative COD reading for Test 2, is most likely due to the cuvette not being read 
within the specified time. This issue was removed from future tests by ensuring tests 
were completed and read within the specified time period. The effectiveness of UF 
filtration on this occasion was therefore deemed inconclusive.  
6.4.1.2 Nanofiltration (NF) Results. 
Table 6-5 illustrates a comparison between the initial characteristics of Material 1 and 
the Permeate and Retentate streams post NF filtration. By examining this comparison it 
is possible to establish the effect, if any, of NF filtration on Material 1. 
Table 6-5 Analysis of Material 1 Pre and Post NF Filtration 
Parameter Unit Initial 
Sample 
NF Permeate NF Retentate 
Temperature (  ̊C) 10 15.8 18.3 
Conductivity μs/cm 7270 3630 11230 
pH pH 4.95 6.1 5.11 
Total Dissolved Solids (TDS) mg/l 3590 1680 4940 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 166 1289 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1569 108 3318 
From the above table it is apparent that NF filtration is effective at reducing the COD 
levels, with a reduction to 108 mg/l seen, correspondingly a reduction in TDS and 
conductivity was also achieved. It can be stated therefore the NF filtration, for this waste 
stream, offers potential for water recovery.  The following section examines results 
obtained from a RO membrane. 
135 
 
6.4.1.3 Reverse Osmosis (RO) Membrane Results 
Table 6-6 illustrates a comparison between the initial characteristics of Material 1 and 
the Permeate and Retentate streams post RO filtration. By examining this comparison, 
it is possible to establish the effect, if any, of RO filtration on Material 1. 
Table 6-6 Analysis of Material 1 Pre and Post RO Filtration 
Parameter Unit Initial 
Sample 
RO Permeate RO Retentate 
Temperature (  ̊C) 10 20.3 25.2 
Conductivity μs/cm 7270 175 18778 
pH pH 4.95 6.18 5.01 
Total Dissolved Solids (TDS) ppm 3590 120 8900 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 -1.48 2232 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1569 -4.12 4354 
1Negative numbers suggested a low or zero level of COD detected 
From the above table the RO membrane reduced the presence of COD, TDS and 
conductivity from the initial input levels. Comparing the various filters, it is apparent 
that the RO membrane is most effective of all the filters, at reducing these levels. The 
literature review indicated that limited previous work was carried out on analysing the 
effectiveness of filtration systems on reducing chemical parameters.  
6.4.1.4 Chemical Parameter Analysis 
This section outlines the results obtained from the chemical analysis of the composite 
sample, the chemical analysis is compared to the EU drinking water standard 
requirements. 
Table 6-7 Chemical Composition of Material 1 Composite Permeate Sample 
Parameter Unit Composite Sample Drinking Water Standard 
Chlorine mg/l 0.12 250 
Ammonium mg/l 0.241 0.3 
Nitrate mg/l 0.743 50 
Nitrite mg/l 0.017 0.5 
Sulphate mg/l 54.9 250 
As can be seen from the above table the composite sample analysed satisfied the 
drinking water standard for all selected chemicals. The ammonium level achieved post 
filtration was 20% less than the acceptable level in the drinking water standard, while 
nitrate was 99.5% less than acceptable levels. This indicates that effective filtration may 
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help achieve the required levels. Further investigation into the individual permeate 
streams was not undertaken as the composite sample satisfied the required levels.  
6.4.1.5 Biological testing 
The original sample provided and both the composite retentate and composite 
permeate streams were analysed for E.Coli, however these results, while included 
below, in this instance are not conclusive due to time lapse between sample collection 
and testing. The results below should only be used as an indication of performance. 
Initial reading of the coliforms indicated a value of >200.5 (colony forming units) cfu / 
100ml, E. Coli levels of <1 cfu /100 ml and Total Bacteria Count (TBC) of 10.8 cfu /100ml.  
Analysis of the composite permeate stream indicated a drop in these levels post 
filtration to total coliforms of 59.1 cfu /100 ml and TBC of 0.2 cfu /ml. However E.coli 
had increased to 30.6 cfu/100 ml. As mentioned the delay between collection and 
testing, transportation of samples from processing site to filtration site and sample 
handling may have contributed to these anomalies.      
Having examined feedstock Material 1, the experimental approach was reviewed and 
modified slightly for feedstock Material 2. The following section outlines the approach 




6.4.2 FILTRATION EXPERIMENT 2 
Similarly, to the process involved for Material 1, in this case filtration experiments 
consist of running dairy waste feedstock through UF, NF and RO filters. Chemical analysis 
on the incoming feedstock and the filtered material will be performed to determine the 
effectiveness of the filtration system. The following points outline modifications to the 
experimental procedure for this material.  
The experimental procedure is outlined below and illustrated graphically in Figure 6-6. 
 15 litres were passed through UF, NF and RO membranes. 
 Retentate and Permeate streams from each filter were sampled and analysed. 
 A composite sample consisting of permeate from UF, NF and RO filters was 
compiled for chemical analysis. Chemical analysis performed on criteria deemed 
most important as identified through surveys of partner companies outlined in 
Section 3.5.  
 Evolution from Filtration Experiment 1: 
o Should the composite permeate stream exceed the minimum level 
acceptable for the EU standard for chemical analysis, the individual 
permeate streams were subjected to polishing through RO membrane 
with individual polished permeate streams subjected to chemical analysis. 
o Lessons learning from the approach to biological testing of Material 1 
were observed for Material 2, with greater emphasis given to transport, 
handling storage etc of samples. 
o Permeate and Retentate samples from all 3 filters were analysed for 
Conductivity, Total Dissolved Solids (TDS), pH and Chemical Oxygen 
Demand (COD). 
 COD samples were tested using two tests, Test 1 for samples with a range <150 
mg/l COD and Test 2 for samples with a range <1000 mg/l. As the COD value was 




Figure 6-6 Schematic of Experimental Methodology 2 
As outlined previously the initial step was to classify the incoming material under the 
specified criteria, the characterisation of Material 2 is outlined in Table 6-8. Comparing 
this table to the characteristics of Material 1, further illustrates the variation that is 
commonly observed in the incoming feedstocks. 

















2291 6.19 892 1050 0.04 3.06+ 0.124* 0.003* 4.26+ 13.8* 
+ Sample over the reliable measurement range 
* Sample under measurement range. 
 
The following section outlines the results obtained from examining the Permeate and 
Retentate streams from the three distinct filters. As with the experimental approach 
used in filtering Material 1, it should be noted that between each filter changeover the 
machine was washed using an acid and caustic wash to ensure that both the machine 
setup was the same for each filter under examination and that the filter was cleaned in 
anticipation for the next raw material batch. 
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6.4.2.1 Ultrafiltration (UF) Results. 
Table 6-9 below illustrates a comparison between the initial characteristics of Material 
2 and the Permeate and Retentate streams post UF filtration. By examining this 
comparison, it is possible to establish the effect, if any, of UF filtration on Material 2. 
Table 6-9 Analysis of Material 2 Pre and Post UF Filtration 
Parameter Unit Initial Sample UF Permeate UF Retentate 
Temperature (  ̊C) 15.8 17.9 19.2 
Conductivity μs/cm 2291 2058 2258 
pH pH 6.19 6.26 6.39 
Total Dissolved Solids (TDS) ppm 1050 941 1060 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 866 866 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1282 1262 1262 
Here it is apparent that UF filtration has limited effect at reducing COD, TDS and 
conductivity, with values of 1262 mg/l COD, 941 ppm and 2058 μS/cm found in the 
filtered permeate stream. Comparing these to the initial sample readings it is apparent 
that minimal reduction was observed.  
 
6.4.2.2 Nanofiltration (NF) Results. 
Table 6-10 illustrates a comparison between the initial characteristics of Material 2 and 
the Permeate and Retentate streams post NF filtration. By examining this comparison it 
is possible to establish the effect, if any, of NF filtration on Material 2. 
Table 6-10 Analysis of Material 2 Pre and Post NF Filtration 
Parameter Unit Initial 
Sample 
NF Permeate NF Retentate 
Temperature (  ̊C) 15.8 17.5 19.6 
Conductivity μS/cm 2291 543 3160 
pH pH 6.19 6.09 6.35 
Total Dissolved Solids (TDS) ppm 1050 234 1460 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 655 844 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1282 110 1672 
Examining the NF filtration process it is apparent that a reductions of 76% (2291 μS/cm 
reduced to 543 μS/cm) in conductivity, 78% in TDS (1050 reduced to 234 ppm and 91% 
(1282 reduced to 110 mg/l ) in COD were observed. It can be stated therefore that NF 
appears to offer potential in filtering this dairy waste feedstock. 
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6.4.2.3 Reverse Osmosis (RO) Membrane Results 
Table 6-11 illustrates a comparison between the initial characteristics of Material 2 and 
the Permeate and Retentate streams post RO filtration. By examining this comparison, 
it is possible to establish the effect, if any, of RO filtration on Material 2. 
Table 6-11 Analysis of Material 2 Pre and Post RO Filtration 
Parameter Unit Initial 
Sample 
RO Permeate RO Retentate 
Temperature   (  ̊C) 15.8 19 22.2 
Conductivity  μS/cm 2291 166 3520 
pH pH 6.19 6.7 6.33 
Total Dissolved Solids (TDS) ppm 1050 18 1800 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 892 258 939 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1282 127 1852 
1Negative numbers suggested a low or zero level of COD detected 
From the above table the effectiveness of the RO membrane at reducing levels is 
apparent, here reductions of; 92% (2291 μS/cm reduced to 166 μS/cm) in conductivity, 
98% in TDS (1050 reduced to 18 ppm) and 90% (1282 reduced to 127 mg/l ) in COD, were 
observed. 
These results indicate the suitability of RO filtration in reducing levels in this dairy 
wastewater feedstock.  Similarly, to Material 1, in order to address the gap in the 
literature, Material 2 was subjected to chemical parameter analysis. 
6.4.2.4 Chemical Parameter Analysis 
The following section outlines the results obtained from the chemical analysis of the 
composite sample, the chemical analysis is compared to the EU drinking water standard 
requirement (EU, 2014).  
Table 6-12 illustrates the condition of the original sample material and the composite 
permeate sample when analysed under the below criteria. 
Table 6-12 Chemical Composition of Material 2 pre filtration 




Chlorine mg/l 0.04 0.04 250 
Ammonium mg/l 3.06 1.38 0.3 
Nitrate mg/l 0.124 0.245 50 
Nitrite mg/l 0.003 0.002 0.5 
Sulphate mg/l 13.8 11.5 250 
Fluoride mg/l 4.26 3.78 0.8 
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As can be seen from the above table the composite sample analysed satisfied the EU 
drinking water standard for the majority of the selected chemicals. 
However, it is also apparent that the levels of Ammonium and Fluoride far exceeded the 
minimum acceptable levels both pre and post filtration, as such a polishing phase was 
performed. Polishing is the term which refers to putting previous filtered material 
through a RO membrane. In this case the individual permeate streams post UF, NF and 
RO filtering were polished through the RO membrane, with the results illustrated in 
Table 6-13. 
Table 6-13 Results obtained Post RO polishing 












UF Permeate post RO Polishing 3.28 0.765 0.04 -0.0331 0.005 16.3 
NF Permeate post RO Polishing 0.625 0.295 0.03 0.476 0.007 14.7 
RO Permeate post RO Polishing 0.433 0.046 0.01 0.24 0.009 13.2 
1Negative numbers suggested a low or zero level detected 
From Table 6-13 it is apparent that polishing through the RO membrane has a 
considerable effect on the quantities of trace chemicals present in the permeate 
streams.  
Polishing RO permeate through RO membrane ensured that the polished permeate 
stream was deemed to have satisfied the EU drinking water standard for the chemical 
parameters investigated.  
It is apparent looking at the ammonium and fluoride levels of the polished samples that 
NF in conjunction with RO was also successful at achieving the drinking water standard. 
However, in this case the margin of clearance below the standard was reduced for 
example EPA and EU state that the acceptable level of ammonium is 0.3 mg/l with NF-
RO polishing achieving 0.295 mg/l. 
UF polished through RO did not achieve the standard required for fluoride or 
ammonium, with concentration levels exceeding the acceptable requirement. 
It can be stated therefore that for this particular dairy waste stream feedstock that 
polishing NF and RO samples through the RO filter helped achieve the EU drinking water 
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standard. However, polishing the UF material did not result in the material meeting the 
standard.  
6.4.2.5 Biological testing 
The original sample provided, and both the composite retentate and the composite 
permeate streams, were analysed for E.Coli. In all these cases each sample returned 
values of >200.5 (colony forming units) cfu /ml, which is much larger than the acceptable 
level 0 cfu/ml. TBCs of 55.5 were recorded in the original sample provided. The changes 
outlined below are in keeping with the standard which states ‘no abnormal changes in 
number’ is acceptable. After filtration this count was reduced to 39.2 in the composite 
permeate sample.Polished samples were also subjected to tests for E-Coli and TBCs, 
these are illustrated in Table 6-14. 
Table 6-14  E-Coli and TBC Results post Polishing 
Sample E-Coli (cfu/100ml) TBCs 
UF Permeate post RO Polishing 36.4 13.7 
NF Permeate post-RO Polishing >200.5 20.9 
RO Permeate post RO Polishing 36.4 27.6 
It is apparent that polishing, in particular polishing RO permeate through RO membrane 
indicates the ability to help reduce microbiological contamination.  
However, it should be noted that a number of factors can influence the presence of 
these contaminants in the samples, e.g. storage of samples, temperature of sample, 
cleanliness of transportation drum, transportation of samples and the time taken to 
perform the tests can influence the results obtained. These results are included for 
completeness, but these influencing factors need to be considered.  
Microbiological growth is highly unpredictable and thus difficult to integrate 
preventative measures in a multi-platform testing scenario. Its sensitivity should be 
highlighted as an area of concern. It was not possible to completely address these 




6.4.3 FILTRATION EXPERIMENT 3 
Filtration experiment 3 examines a third industrial feedstock, in a similar manner to the 
procedures outlined above. Some modifications to the process were considered, these 
are outlined in the experimental procedure below. 
The experimental procedure is outlined below and illustrated graphically in Figure 6-7.  
 15 litres were passed through UF, NF and RO membranes.  
 Retentate and Permeate streams from each filter were sampled. 
 A composite sample consisting of permeate from UF, NF and RO filters was 
compiled for chemical analysis. Chemical analysis performed on criteria deemed 
most important as identified through surveys of partner companies.  
Evolution from Filtration Experiment 2 
In this instance individual permeate streams from each filter were also subjected to 
chemical analysis.  
 Should the composite permeate stream exceed the minimum level acceptable 
for the EU standard for chemical analysis, the individual permeate streams were 
subjected to polishing through RO membrane with individual polished permeate 
streams subjected to chemical analysis. 
 Permeate and Retentate samples from all 3 filters were analysed for 
Conductivity, Total Dissolved Solids (TDS), pH and Chemical Oxygen Demand 
(COD). 
 COD samples were tested using two tests, Test 1 for samples with a range <150 
mg/l COD and Test 2 for samples with a range <1000 mg/l. As the COD value was 




Figure 6-7 Schematic of Experimental Methodolgy 3 
As outlined previously the initial step was to classify the incoming material under the 
specified criterial, the characterisation of Material 4 is outlined in Table 6-15. 

















104 7.14 30.4 74 0.07 0.2 0.767 0.016 0.452 22.7* 
* Sample under measurement range. 
 
The following section outlines the results obtained from examining the Permeate and 
Retentate streams from the three various filters. It should be noted that between each 
filter changeover the machine was washed using an acid and caustic wash to ensure that 
both the machine setup was the same for each filter under examination and that the 






6.4.3.1 Ultrafiltration (UF) Results. 
Table 6-16 below illustrates a comparison between the initial characteristics of Material 
3 and the Permeate and Retentate streams post UF filtration. By examining this 
comparison, it is possible to establish the effect, if any, of UF filtration on Material 3. 
From the table below it is apparent the incoming waste stream is quite different to the 
two previous streams, with substantially lower conductivity, TDS and COD levels. 
Table 6-16 Analysis of Material 3 Pre and Post UF Filtration 
Parameter Unit Initial Sample UF Permeate UF Retentate 
Temperature  ̊C 17.8 18.1 18.7 
Conductivity μS/cm 104 120 174 
pH pH 7.14 7.05 7.11 
Total Dissolved Solids (TDS) ppm 74 80 112 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 30.1 23.3 42.6 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l -17.11 17.3 -6.951 
1Negative numbers suggested a low or zero level of COD detected 
When filtered through the UF filter similarly to the results outlined previously no 
discernible difference was achieved, with the results pre and post filtration broadly 
similar. 
6.4.3.2 Nanofiltration (NF) Results. 
Table 6-17 illustrates a comparison between the initial characteristics of Material 3 and 
the Permeate and Retentate streams post NF filtration. By examining this comparison, 
it is possible to establish the effect, if any, of NF filtration on Material 3. 
Table 6-17 Analysis of Material 3 Pre and Post NF Filtration 
Parameter Unit Initial Sample NF Permeate NF Retentate 
Temperature (  ̊C) 17.8 18.7 19.7 
Conductivity μS/cm 104 27 227 
pH pH 7.14 7.26 7.13 
Total Dissolved Solids (TDS) ppm 74 25 145 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 30.1 -7.21 60.9 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l -17.11 -2.85 15.3 
1Negative numbers suggested a low or zero level of COD detected 
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From the table above it can be seen that NF filtration resulted in reductions of 74% in 
conductivity, 66% in TDS and below measurable levels of COD. 
6.4.3.3 Reverse Osmosis (RO) Membrane Results 
Table 6-18 below illustrates a comparison between the initial characteristics of Material 
3 and the Permeate and Retentate streams post RO filtration. By examining this 
comparison, it is possible to establish the effect, if any, of RO filtration on Material 3. 
Table 6-18 Analysis of Material 3 Pre and Post RO Filtration 
Parameter Unit Initial 
Sample 
RO Permeate RO Retentate 
Temperature   (  ̊C) 17.8 19.1 24.5 
Conductivity  μS/cm 104 0 296 
pH pH 7.14 7.43 7.17 
Total Dissolved Solids (TDS) ppm 74 8 174 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 30.1 -15.5 86.3 
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l -17.11 -16.6 41.7 
1Negative numbers suggested a low or zero level of COD detected 
Here it is apparent that RO filtration has resulted in reducing the levels of COD (below 
measurable level), TDS  (reduced to 8 ppm) and conductivity (reduced to 0 μS/cm). 
It is evident therefore that RO filtration will help reduce the levels of these factors in the 
dairy waste stream.  
6.4.3.4 Analysis of Polished Permeate Streams 
Table 6-19 outlines a comparison between the physical characteristics of the permeate 
streams before RO polishing and after RO polishing. COD is not included as from Table 
6-16 to Table 6-18 it can be seen that the COD levels of the permeate streams are quite 
low < 23.3 mg/l and in most cases below detectable level.  
Table 6-19 Analysis of Material 3 Pre and Post RO Polishing 


















Temperature   ̊C 17.6 19.4 18.3 20.9 19.4 19.7 
Conductivity μs/cm 159 9 100 0 150 1 
pH pH 6.77 7.55 7.22 7.7 7.21 7.7 
Total Dissolved 
Solids (TDS) 




From Table 6-19 it is apparent that polishing significantly reduces the conductivity and 
Total Dissolved Solids present in the samples. For example the conductivity of the NF 
permeate post filtration was 100 μS/cm and after polishing this dropped to 0 μS/cm, for 
the UF permeate stream a 94% reduction from 159 μS/cm to 9 μS/cm was recorded.   
Similarly TDS were reduced for the UF sample an 86% reduction (95 ppm to 13 ppm) was 
noted, for NF sample a 93% reduction (67 ppm to 5 ppm) was recorded and for the RO 
sample a 95% reduction (93 ppm to 5 ppm) was recorded.  
Temperature increased slightly, however, this is due to the pressure applied to the 
sample when it is forced through the membrane during polishing, pH levels were broadly 
the same pre and post polishing and all samples post polishing were within the 
acceptable pH, TDS and conductivity limits for the EU drinking water standard.  
6.4.3.5 Chemical Parameter Analysis 
The following section outlines the results obtained from the chemical analysis of the 
composite sample, the chemical analysis is compared to the drinking water standard 
requirements (EU, 2014). 
Table 6-20 Chemical Composition of Material 3 Composite Permeate Sample 
Parameter Unit Composite Sample Drinking Water Standard 
Chlorine mg/l 0.02 250 
Ammonium mg/l 0.079 0.3 
Nitrate mg/l 1.14 50 
Nitrite mg/l 0.009 0.5 
Sulphate mg/l 12.6 250 
Fluoride Mg/l 0.446 0.8 
As can be seen from the above Table 6-20 the composite sample analysed satisfied the 
EU/EPA drinking water standard for the selected chemicals. It should be noted that the 
original sample supplied also satisfied the EU and EPA requirements as can be seen in 
Table 6-15. 
For continuity purposes the individual permeate streams post UF, NF and RO were 
polished through the RO membrane, with the results illustrated in Table 6-21. Also 
shown in the table is the input condition of the permeate stream before polishing.  
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Table 6-21 Results obtained Post RO polishing 












UF Permeate Pre Polishing 0.569 0.173 0.07 2.87 0.022 20.6* 
UF Permeant Post RO Polishing 0.388 0.015 0 0.815 -0.004 8.70* 
NF Permeate Pre Polishing -1.08 0.07 0.05 0.886 0.002* 12.2* 
NF Permeate post-RO Polishing 0.239 0.005* -0.01 0.362 0.007 10.4* 
RO Permeate Pre Polishing 0.341 0.006* 0.03 0.553 0 13.2* 
RO Permeate Post RO Polishing 0.442 0.005* -0.01 0* -0.004 10.8* 
1Negative numbers suggested a low or zero level detected 
* Values recorded under the measurement range 
From Table 6-21 it is apparent that polishing through the RO membrane has a significant 
effect on the quantities of trace chemicals present in the permeate streams.  
Polishing RO permeate through RO membrane ensured that the polished permeate 
stream was deemed to have satisfied the EU drinking water standard for the chemical 
parameters investigated.  
Taking Ammonium as an example a 92% reduction was found when NF permeate was 
polished through the RO filter, a similar 91% reduction was found when UF permeate 
was polished through the RO filter.  
Polishing the RO permeate through the RO filter, resulted in little change in the 
ammonium levels indicating little benefit in a second pass through the filter in terms of 
ammonium removal. However, an almost 100% reduction in Nitrates was achieved 
when RO permeate was polished through the RO membrane.  
As can be seen an anomaly is presented in the fluoride analysis, here fluoride levels 
increased by 30% from 0.341mg/l to 0.442 mg/l, while the polished sample was retested 
and a similar result obtained this outlier was not seen in any other experiment.  
6.4.3.6 Biological testing 
The original sample provided and both the composite retentate and composite 
permeate streams were analysed for E.Coli, the initial value of the sample provided was 
>200.5 (colony forming units) cfu /ml. This was reduced to 45.3 cfu/ml when the 
composite permeate sample was analysed. RO membrane permeate recording a 
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presence of 4.2 cfu/ml post filtration, however NF permeate recorded a presence of 
165.2 cfu/ml, this illustrates the effectiveness of RO filtration in comparison to other 
filters. 
TBCs of 23.9 were recorded in the original sample provided which after filtration was 
reduced to 13.9 in the composite permeate sample. 
It is evident that polishing offers the potential to reduce the presence of E-Coli in the 
samples. However, again it should be noted that a number of factors can influence the 
presence of these contaminants in the samples. 
6.4.4 FILTRATION EXPERIMENT 4 
The experimental final set of filtration experiments outlines filtration of dairy waste 
stream Material 4. The experimental procedure for this process is outlined below and 
illustrated graphically in Figure 6-8.  
 15 litres were passed through UF, NF and RO membranes.  
 Retentate and Permeate streams from each filter were sampled. 
 A composite sample consisting of permeate from UF, NF and RO filters was 
compiled for chemical analysis. Chemical analysis performed on criteria deemed 
most important as identified through surveys of partner companies. In this 
instance individual permeate streams from each filter were also subjected to 
chemical analysis.  
 Should the composite permeate stream exceed the minimum level acceptable 
for the EU standard for chemical analysis, the individual permeate streams were 
subjected to polishing through RO membrane with individual polished permeate 
streams subjected to chemical analysis. 
 Permeate and Retentate samples from all 3 filters were analysed for 
Conductivity, Total Dissolved Solids (TDS), pH and Chemical Oxygen Demand 
(COD). 
 COD samples were tested using two tests, Test 1 for samples with a range <150 
mg/l COD and Test 2 for samples with a range <1000 mg/l. As the COD value was 




Figure 6-8 Schematic of Experimental Methodology 4 
As outlined previously the initial step was to classify the incoming material under the 
specified criterial, the characterisation of Material 4 is outlined in Table 6-22. Comparing 
Material 4 to the other filtration samples it is again apparent that it is quite distinct to 
the previous samples.  

















3660 6.16 119 1890 8.3 0.619 2.16 0.009 3.68+ 12.4* 
* Sample under measurement range. 
+ Sample over measurement range 
 
The following sections outline the results obtained after the various filtration processes. 
6.4.4.1 Ultrafiltration (UF) Results. 
Table 6-23 below illustrates a comparison between the initial characteristics of Material 
4 and the Permeate and Retentate streams post UF filtration. By examining this 
comparison, it is possible to establish the effect, if any, of UF filtration on Material 4. 
The primary focus is on the permeate streams, as such COD for retentate was not 
considered for Material 4.  
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Table 6-23 Analysis of Material 4 Pre and Post UF Filtration 
Parameter Unit Initial Sample UF Permeate UF Retentate 
Temperature   ̊C 15 15.5 17.8 
Conductivity μS/cm 3660 2707 318 
pH pH 6.16 7.5 7.7 
Total Dissolved Solids (TDS) ppm 1890 1700 1950 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 119 125  
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1116 1112  
1Negative numbers suggested a low or zero level of COD detected 
 
6.4.4.2 Nanofiltration (NF) Results. 
Table 6-24 illustrates a comparison between the initial characteristics of Material 4 and 
the Permeate and Retentate streams post NF filtration. By examining this comparison it 
is possible to establish the effect, if any, of NF filtration on Material 4. 
Table 6-24 Analysis of Material 4 Pre and Post NF Filtration 
Parameter Unit Initial 
Sample 
NF Permeate NF Retentate 
Temperature  ̊C 15 17.4 18.7 
Conductivity μS/cm 3660 1842 4010 
pH pH 6.16 7.2 7.2 
Total Dissolved Solids (TDS) ppm 1890 1080 3620 
Chemical Oxygen Demand (COD)  Test 1 
(Testing range 0-150mg/l) 
mg/l 119 25.4  
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1116 170  
1Negative numbers suggested a low or zero level of COD detected 
Similar to previous materials NF filtration sees a reduction in Conductivity (50%), TDs 
(43%) and COD (78%), indicating compatibility with this feedstock and filter. 
6.4.4.3 Reverse Osmosis (RO) Membrane Results 
Table 6-25 illustrates a comparison between the initial characteristics of Material 4 and 
the Permeate and Retentate streams post RO filtration. By examining this comparison it 
is possible to establish the effect, if any, of RO filtration on Material 4. 
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Table 6-25 Analysis of Material 4 Pre and Post RO Filtration 
Parameter Unit Initial 
Sample 
RO Permeate RO Retentate 
Temperature     ̊C 15 14.2 23.9 
Conductivity  μS/cm 3660 11 3693 
pH pH 6.16 6.04 6.22 
Total Dissolved Solids (TDS) ppm 1890 35 6300 
Chemical Oxygen Demand (COD) Test 1 
(Testing range 0-150mg/l) 
mg/l 119 -25.7  
Chemical Oxygen Demand (COD) Test 2 
(Testing Range 0-1000 mg/l) 
mg/l 1116 35.6  
1Negative numbers suggested a low or zero level of COD detected 
From Table 6-25, it can be seen that RO filtration results in a substantial reduction in 
conductivity, TDS and COD levels. Here Conductivity is reduced by 99% from 3660 μS/cm 
to 11 μS/cm, TDS is reduced by 98% from1890 ppm to 35 ppm and COD is reduced from 
119 to below detectable levels.  
6.4.4.4 Analysis of Polished Permeate Streams 
Table 6-26 outlines a comparison between the physical characteristics of the permeate 
streams before RO polishing and after RO polishing. COD is not included in the analysis 
below as from the tables above the levels post filtration are quite low. 
Table 6-26 Analysis of Material 4 Pre and Post RO Polishing 


















Temperature   ̊C 15.5 19.7 17.4 20.3 14.2 21.1 
Conductivity μS/cm 2702 38.4 1842 24.8 11 10.8 
pH pH 7.5 6.9 7.2 6.8 6.04 7.2 
Total Dissolved 
Solids (TDS) 
ppm 1700 25 1080 15 35 6 
From Table 6-26 it is apparent that polishing through RO membrane significantly 
reduces the conductivity and Total Dissolved Solids present in the samples for example 
the conductivity of the NF permeate post filtration was 1842 μS/cm and after polishing 
this dropped to 24.8 μS/cm (98% reduction), for the UF permeate stream a 98% 
reduction from 2702 μS/cm to 38.4 μS/cm was recorded.   
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The impact of polishing on RO permeate was not as significant with a reduction of 11 
μS/cm to 10.8 μS/cm (2% observed).  
Similarly, Total Dissolved Solids (TDS) were reduced for the UF sample an 98% reduction 
(1700 ppm to 25 ppm) was noted, for NF sample a  98% reduction  (1080 ppm to 25 
ppm) was recorded and for the RO sample an 82% reduction (35 ppm to 6 ppm) was 
recorded. Temperature increased slightly however this is due to the pressure applied to 
the sample when it is forced through the membrane during polishing, pH levels were 
broadly the same pre and post polishing and all samples post polishing were within the 
acceptable pH, TDS and conductivity limits for drinking water standards.  
In the case of NF permeate and RO permeate no polishing was required to achieve the 
EU drinking water requirements for pH, TDS and conductivity, however polishing was 
performed from completeness.  
 
6.4.4.5 Chemical Parameter Analysis 
For this data set the composite sample was not exposed to chemical parameter analysis, 
rather the individual permeate streams from the filters were tested, these were then 
tested post polishing to determine effect if any on the chemical parameters.  
The following section outlines the results obtained from the chemical analysis of the 
composite sample, the chemical analysis is compared to the EU drinking water standard 
requirement (EU, 2014), with the results illustrated in Table 5-29. 
As can be seen from Table 6-27 Fluoride is above the acceptable level after polishing in 
all cases, therefore this would need further investigation to identify a suitable method 
to extract/neutralise presence of fluoride in this waste stream. In the all other cases the 
samples are below the levels required by the standard (in all cases samples were below 






Table 6-27 Results obtained Post RO polishing 












UF Permeate Pre Polishing 2.89 0.216 8 0.037* 0.009 13.3* 
UF Permeant Post RO Polishing 2.69 0.049 5.8 0.536 0.005 11.9* 
NF Permeate Pre Polishing 2.82 0.479 6.7 1.93 0.011 13.6* 
NF Permeate post-RO Polishing 2.71 0.023 3.6 0.963 0.005 11.9* 
RO Permeate Pre Polishing 2.96 0.021 7.5 0.571 0.009 13.6* 
RO Permeate Post RO Polishing 2.76 0.021 5.5 0.317 0.006 11.2* 
EPA/EU Drinking water Standard 0.8 0.3 250 50 0.5 250 
1Negative numbers suggested a low or zero level detected 
* Values recorded under the measurement range 
From Table 6-27 it is apparent that polishing through the RO membrane has a 
considerable effect on the quantities of trace chemicals present in the permeate 
streams.  
Taking Ammonium as an example a 77% reduction was found when UF permeate was 
polished through the RO filter, a similar 95% reduction was found when NF permeate 
was polished through the RO filter.  
However polishing the RO permeate through the RO filter, resulted in little change in 
the ammonium levels indicating little benefit in a second pass through the filter in terms 
of ammonium removal. A considerable reduction in Nitrates was achieved when 
Permeate streams were polished through the RO membrane, an anomaly can been seen 
in polishing of UF permeate for Nitrate levels, where Nitrate levels increased, this 
appears to be an outlier when all the results are taken into consideration.  
 
6.4.4.6 Biological testing 
Due to delay in transportation in sample and non-refrigerated storage no biological 





6.5 FILTRATION EXPERIMENTAL SUMMARY 
From an analysis of the filtration experiments it can be stated that: 
 UF filtration, for all selected waste streams, was the least effective at achieving 
the EU drinking water standards.  
 NF filtration, succeeded in achieving the drinking water standard for certain 
materials. 
 RO filtration in general achieved the highest levels of reductions in TDS, COD, 
conductivity and chemical parameters. 
 Polishing through RO membrane was effective at further reducing TDS, COD, 
conductivity and chemical parameters.  
 RO polishing after the material had been processed through the RO filter was for 
the most part unnecessary. 
 
Reverse Osmosis may not remove all chemicals in solution through filtration alone. It is 
therefore necessary to explore alternative options. As outlined in the literature review 
there was a gap in previous work in chemical analysis on dairy waste stream, this section 
has provided a detailed analysis of chemical levels pre filtration and post filtration and 
indicated that in some instances chemical levels can be reduced but in more cases they 
can’t, which means you need to look at an alternative way to reduce them. From recent 
studies of published research Zeolites pose an area of potential for dairy waste stream 




7 USING ZEOLITE MATERIAL TO REMOVE DAIRY WASTE CONTAMINANTS 
7.1 INTRODUCTION 
It was previously shown in the literature review that nanotechnologies have been used 
in the treatment of wastewater. From the literature review, zeolites have been used to 
remove ammonium from wastewater. From Section 5.4 and Section 6, it can be seen 
that ammonium is a constituent of dairy waste streams. The presence of ammonium in 
waste streams is of particular concern to the industry, as reinforced in the survey, 
Section 4.5.2. This research examines the potential of zeolites to be used in conjunction 
with dairy waste streams with a view to removing or reducing the presence of 
ammonium.  
This investigation was carried out in a number of stages, initially a static screening of 
zeolites was performed to establish the suitability of various zeolite material. Following 
this a dynamic lab scale setup was established. This mimicked the flow of material 
through the zeolite in a dynamic fashion that mirrored potential industrial application.  
Once the dynamic methodology was established an actual industrial dairy waste stream 
was introduced to experimental process. The following sections outline the approach 
and results obtained. 
7.1.1 MATERIALS 
Ammonium chloride was purchased at the highest purity available from Sigma Aldrich 
and used as received. 
Dairy wastewater was collected from effluent streams from one of our industrial 
partners. NH4+ TNTplus Vial Test, ULR (0.015 - 2.00 mg/L NH4-N) was used to determine 
NH4+ concentration of the wastewater, purchased from HACH. The HACH DR3900 
spectrophotometer measured NH4+ concentration at λ = 694nm, it uses Truecal 
recognition to determine and administer the correct wavelength for each test  
Zeolites 13X, 4Å were purchased from Sigma-Aldrich and zeolites ZSM-5, Hydrogen 
Mordenite and Zeolyte Y were sourced from Zeolyst International. Table 7-1 illustrates 




Table 7-1 Zeolite Properties 






Zeolite Y Zeolyst Hydrogen 2.8 730 
ZSM-5 Zeolyst Hydrogen 0.05 425 
Mordenite Zeolyst Hydrogen 0.08 500 
13X Sigma Aldrich Sodium 15.9 320 
4A Sigma Aldrich Sodium 12.6 560 
 
7.2 ZEOLITES STATIC TESTING 
A stock solution of ammonium was prepared using Type I ultrapure water (Milli-Q®) 
containing ammonium chloride (100 mg.L-1) and 15 mL aliquots were prepared in 
scintillation vials.  
Subsequently, 500mg of each zeolite was ground into a powder in an agate mortar and 
pestle and added to each of the scintillation vials.  
These vials were stirred at 500 rpm for 24h, filtered using 0.45µM PTFE syringe filters 
and the NH4+ concentration was analysed by calorimetry using the HACH spectrometer.  
Each zeolite was tested in triplicate. 
Figure 7-1 represents the results of the static test outlined. Here, a number of potential 
zeolites were examined to determine their effectiveness in terms of NH4+ extraction. 
NH4+ levels at t = 0h and t = 24h were recorded with a stock simulated wastewater 
solution maintained as a datum reference. It is apparent from Figure 7-1 that all selected 
zeolites resulted in NH4+ reductions and they were ranked by NH4+reduction: Hydrogen 
mordenite > ZSM-5 > Zeolite 13X > Zeolite 4Å > Zeolite Y. 
Hydrogen Mordenite recorded the largest level of NH4+ reduction with a starting level of 
24.5 mg.L-1 and an ending level of 0.68 mg/L which equates to a 97% reduction in NH4+ 
levels. Further, the least effective (Zeolite Y) could still find ultility, recording a 48% 
reduction in NH4+ levels. Having established the effectiveness of the selected zeolites at 
NH4+ removal under static conditions, the following section examines their performance 












































Figure 7-1 NH4+ concentration in solution (mg/ L) after 24h stirring with selection of zeolites 
7.3 ZEOLITES DYNAMIC TESTING 
To simulate NH4+ capture within an industrial process, known amounts of zeolites were 
crushed lightly, sieved and chips with a particle size range between 1080 µM and 1800 
µM were taken and packed into a glass rod (diameter 6 mm, packing length 100 mm) 
along with quartz wool to prevent loss of zeolite during experimentation.  
These packed columns were then fixed using a retort stand and, specific injections of 
20ml of a simulated wastewater stock solution, made using ammonium chloride, were 
passed through the column and allowed to flow by gravity (Figure 7-2).  
The filtrate was collected and immediately analysed using the HACH DR3900 
spectrometer. All testing was conducted in triplicate. Upon identification of the most 
appropriate zeolite for NH4+ removal, an extended trial was conducted to estimate 
zeolite working lifespan and establish effectiveness using a dairy processing by-product.  
As with previous dynamic testing wastewater stock was passed through the column at 





Figure 7-2 Schematic of dynamic testing methodology 
Figure 7-3 illustrates the performance of the selected zeolites under dynamic testing 
conditions. Here, the starting stock remained the same for all zeolites as can be seen 
from Figure 7-2 , t = 0. From Figure 7-2 it is apparent that zeolites 4Å and 13X achieved 
noticeable and sustained NH4+ reduction of over 5 injection cycles with a slight reduction 
in performance by the 5th injection cycle. 
 
Figure 7-3 Screening zeolites for suitability in dynamic testing. Assessing NH4+ concentration in 
solution (mg. L-1) after addition of 15 mL aliquots of simulated wastewater 
While the static testing indicated that all the zeolites warranted further investigation, 
when examined under dynamic conditions it is apparent that NH4+ removal was limited 







































for some zeolites. In the case of ZSM-5 while initial removal was positive, 58%, after 3 
injection cycles the impact was significantly reduced indicating that the zeolite had 
reached the end of its usefulness. This variance in results when switching from static to 
dynamic testing can be explained by the individual kinetics of each adsorbent. 
Specifically, the contact time in dynamic testing is much shorter i.e. seconds, vs. 24h in 
static and further, the zeolites used in static testing were ground into a powder. 
Powdering the zeolites in dynamic testing would cause clogging in the column and 
therefore the experimental design had to be adapted. 
As indicated in Figure 6-3, Zeolite Y and hydrogen mordenite demonstrates negligible 
NH4+ adsorbance under dynamic conditions and it is apparent that Zeolite 13X and 4Å 
offer the potential for NH4+ removal over a number of injection cycles with Zeolite 4Å 
removing ca. 64% of NH4+ after 5 injection cycles and 13X removing ca. 85% of NH4+ 
after 5 injection cycles. However as is also clear from Figure 6-2 that the level of NH4+ 
removal drops as the injection cycle increases, for example Zeolite 4Å removed ca.75% 
of NH4+ after 3 injections cycles but only ca. 64% after 5 injection cycles. Similar trends 
are illustrated in Figure 6-3 for the other selected zeolites which is particularly 
noticeable for ZSM-5, therefore, it was necessary to establish an estimated useful zeolite 
lifespan. 
Interestingly, the zeolites which were found to perform best during dynamic testing (13X 
and 4Å) contained Na+ charge balancing cations while those which demonstrated lesser 
performance (Mordenite, ZSM-5 and Zeolite Y) all contained H+ cations. This may 
suggest that Na+ containing zeolites may exhibit superior performance regardless of 
zeolite structure as the presence of Na+ cations may be more amenable to ion exchange 
and thus result in superior exchange kinetics and therefore improved performance 
under dynamic conditions. 
The results from this extended experiment are illustrated in Figure 7-4 and Figure 7-5, 
focusing on the two Zeolites which proved most successful at NH4+ removal in the first 
suite of dynamic tests (Figure 7-4 and Figure 7-5). This experiment also used a dairy 
processing by-product, which is currently sent to directly to a wastewater treatment 
plant. By investigating the possibility of NH4+ removal in a real-life processing by-product 
stream (5.2 mg NH4+/L), this research offers the potential to reduce hydraulic demand 
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in the wastewater treatment plant and also may offer an alternative source of water for 
the manufacturing process. 
 
Figure 7-4 NH4+ adsorption breakthrough curve of zeolite 4Å with dairy wastewater 
 
 
Figure 7-5 NH4+ adsorption breakthrough curve of zeolite 13X with dairy wastewater 
Figure 7-4 and Figure7-5 illustrate that the initial concentration of NH4+ in the sample 
obtained from our dairy processing partner was 5.2 mg. L-1 which includes the EU/EPA 
drinking water standard which sets the acceptable NH4+ concentration at 0.3 mg. L-1. It 
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is apparent that the zeolites remove NH4+ from the sample achieving outlet 
concentrations of 0.2 mg NH4+ L-1 which represent a 96 % reduction in NH4+ 
concentration of the inlet stream.  
Figure 7-4 and Figure 7-5 demonstrates that it is possible to take a current dairy 
processing by-product and remove sufficient NH4+ using both zeolites 13X and 4Å to 
meet the EU and EPA drinking water standard. 
As mentioned previously, Figure 7-4 and Figure 7-5 outline an extended experimental 
run where increasing quantities of the waste sample were passed through the zeolites, 
it is apparent that as the samples reached 300 mL, the efficiency of NH4+ removal 
deteriorated and at 400 mL the samples no longer met the EU drinking water standard. 
In an industrial application, this would result in the end of the operational usefulness of 
the zeolites and as such will require regeneration or replacement. 
7.4 ZEOLITE REGENERATION  
Attempts were made to regenerate the zeolites after experimentation using literature 
sources. First the zeolites were saturated with NH4+  by stirring 500mg of zeolite 13X and 
4A in a solution of 500mg.L-1 ammonium chloride for 24h. The zeolites were then 
filtered, washed three times with type I ultrapure water and left in a vacuum oven at 
200°C for 24h. Subsequently, the zeolites were added to a solution of known NH4+ 
concentration (29 mg.L-1) (Figure 7-6) for 12h to determine NH4+ capture (2). Another 
batch was prepared, and these were heated to 200°C for 24h in a vacuum oven (800 
mBar) and then washed 3 times with 1M NaOH, then thrice with type I ultrapure water 

























Figure 7-6 NH4+ adsorption after regeneration attempts 
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and to A for 12h to determine NH4+ capture (3). A final batch was prepared and 
processed again as before using 0.1M NaOH instead and added to 1 (4).  
7.5 SUMMARY  
This aspect of the research has examined the interaction between zeolite material and 
dairy waste stream, with focus on the removal of ammonium. Static testing identified 
zeolite materials which reduced the presence of ammonium in a stock solution. 
Dynamic testing identified that Zeolite 13x and 4Å performed best in a prolonged 
injection cycle. Dynamic testing was proposed as this represents the most likely typical 
industrial application i.e. in line removal prior to effluent treatment.  
These selected zeolites were then exposed to an industrial waste stream, with an initial 
ammonium level of 5.2 mg/l which far exceeds the standard.  Post treatment using the 
dynamic method, it was established that the EU drinking water standard of 0.3mg/l was 
surpassed.  




8.1 PROJECT CONCLUSIONS  
Since the abolition of quotas, milk production in Ireland has grown by 60%. Dairy 
processing requires a significant hydraulic demand, with approximately 2.5 m3 of water 
required to process 1 m3 of milk. The problem statement of this research was to examine 
water usage and opportunities for reduction, recovery and reuse within the Irish dairy 
industry.  
It was established through a comprehensive literature review that there is a substantial 
worldwide demand for water. It was further established that the dairy processing 
industry is water intensive. With milk being ~85% water there is an opportunity to 
leverage this in terms of reintroducing water rich by-products into the process. 
Previous research into dairy waste streams is limited, with no real focus on chemical 
analysis of these waste streams. EU standards have not been widely compared to dairy 
waste streams and their seasonality year on year across multiple sites is not evident.  
Previous filtration research was again limited in terms of scope with chemical analysis 
omitted. Nanomaterials, namely zeolites have been used to remove ammonium in 
laboratory modelled solutions.  However, no previous work has captured the interaction 
between zeolite materials and actual dairy waste streams.  
The thesis has addressed these issues via a number of objectives:  
The research examined water usage within the Irish Dairy industry. Steps were taken to 
quantify water usage across the Irish Dairy industry. A questionnaire was developed to 
understand water usage on site. This questionnaire indicated that similar flush and 
cleaning processes were in practice across the partner sites. However, there was a 
significant issue in terms of water use data availability. This research discovered that 
typically within the Irish dairy sector water usage is not measured. Sites may have access 
to plant wide usage, however specific process related information is not available. 
Efforts to bridge this gap in information, through deployment of ultrasonic meters, were 
undertaken. Meters were deployed on site and water usage patterns established. 
However as illustrated in Section 3.2 cooperation from all partner sites was not equal.  
From this analysis it was possible to determine a typical water usage per site of 2.5m3 
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for each 1m3 of milk processed across the industry. This is broadly in line with 
expectations from the literature. 
Section 3.3 has established, that for Microbiological, Chemical and Indicator parameters 
the water currently used on sites, whether this is abstracted from ground (well), surface 
water (lake/river) or via council supply, is better than the EU drinking water acceptable 
levels. For example it was established that for ammonium the water abstracted is 630% 
less that is required by the EU standard, for nitrates 78% it is and for nitrite 98% less 
than is required by the EU standard.  It can be stated therefore that this research has 
resulted in a new, previously unquantified datum level of cleanliness for each of the 49 
tests within the standard.  
Detailed consultation with industry has led to the development of criteria which are 
deemed important. These criteria have been outlined in Table 3-11 previously but are 
included here also; 
Conductivity, COD, pH, Ammonium, Fluoride, Chloride, Nitrate, Nitrite, E-Coli, Coliforms, 
TBCs, Total Dissolved Solids (TDS) and Sulphates. These parameters provide the basis of 
the waste stream classification.   
In a typical dairy processing environment effluent from each aspect of the process is 
combined and enters the treatment facility via a singular inlet. This inlet is a combination 
of tributaries from each of the various processes. This research hoped to classify these 
individual streams at source, prior to amalgamation. To this end 23 individual waste 
streams were sampled upstream of the effluent inlet in a bid to classify them for 
recovery.  
It is apparent that there is minimal repeatability between the samples taken year to year 
from the same location e.g.  Ammonium levels for Company B Permeate Product D in 
2017 was 0.51 mg/l while in 2018 on the same process and product was 3.65 mg/l. For 
Company D Condensate A fluoride levels were 0.565 mg/l in 2017 but were recorded to 
be 0.08 mg/l in 2018.  
The variability of these 23 gathered samples did not facilitate minimalizing the number 
of waste streams required to establish optimal pollutant removal.  Section 4.4.1 provides 
a detailed chemical analysis of dairy waste streams.  As outlined previously a gap in the 
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previous knowledge has been a chemical analysis of waste streams, Section 4.4.1 has 
contributed to knowledge in this space.  
Many internal projects within the industry have begun as a result of this study’s findings 
and this demonstrates not only the need for the Irish Dairy industry to address the 
question of water reuse on site but this study’s validity and novelty in its approach, 
execution and findings. 
The thesis then explored filtration systems with a view to determining if existing 
filtration mechanisms could be employed to treat dairy waste streams and achieve the 
drinking water standard. A lab scale filtration system was optimised through a design of 
experiments, with recommended settings for operating pressures determined as being 
135 PSI, 400 PSI and 475 PSI for UF, NF and RO membranes respectively while a speed 
of 35 Hz was determined for all membranes. 
It was identified that running batches of 15 litres was as effective as processing 100 litres 
at a time, with COD levels post filtration of 441 mg/l and 532 mg/l achieved for the 100 
litre run and results of 596 mg/l and 420 mg/l achieved for the 15 litre run. Therefore, 
sample size of 15 litres was selected for the experimental phase. 
From the filtration experiments it can be stated that: 
 UF filtration, for all selected waste streams, was the least effective at achieving 
the EU drinking water standards.  
 NF filtration, succeeded in achieving the drinking water standard for certain 
materials. 
 RO filtration in general achieved the highest levels of reductions in TDS, COD, 
conductivity and chemical parameters. 
 Polishing through RO membrane was effective at further reducing TDS, COD, and 
conductivity and other chemical parameters.  
 RO polishing after the material had been processed through the RO filter was 
for the most part unnecessary. 
To this end it can be stated that for the parameters considered important and worthy of 
consideration by the industry partners, RO membranes represent the best alternative 
towards achieving the drinking water standards.  
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Finally the research examined the interaction between zeolite material and dairy waste 
streams, with focus on the removal of ammonium. Previous research in this area has 
focused on testing of lab made stock solutions. Initially static testing identified zeolite 
materials which reduced the presence of ammonium. From here dynamic testing 
identified that Zeolite 13x and 4Å performed best in a prolonged injection cycle. 
Dynamic testing was proposed as this represents the most likely typical industrial 
application i.e. in line removal prior to effluent treatment.  
These selected zeolites were then exposed to an industrial waste stream, with an initial 
ammonium level of 5.2 mg/l which far exceeds the standard.  Post treatment using the 
dynamic method, it was established that the EU drinking water standard of 0.3mg/l was 
surpassed. Regeneration of the zeolite material was attempted but its outcome was 
inconclusive.  This work has contributed to available knowledge and was published in 
Journal of Industrial and Engineering Chemistry 
Zeolites are a cheap, widely available and naturally occurring material that has been 
used in pharmaceutical and fine chemical industries for ca. 100 years. Extrapolating from 
the results obtained in this work, one would expect zeolites 4Å and 13X to clean 180m3 
and 230m3 of dairy wastewater per tonne of material which translates to processing 
72m3 and 92m3 of milk. 
This study illustrated the real-world application of zeolites in wastewater treatment as 
performance displayed in simulated solutions was maintained in the presence of actual 
dairy wastewater which contains uncharacterised variables in terms of pH and 
competitive species during the ion exchange process. 
In order to satisfy customer expectations and to promote the reuse of recovered water 
it may not be sufficient to simply meet the EU/EPA standard but rather to achieve this 
new datum level of expected water cleanliness. To understand the potential barriers to 
reuse within the process a workshop with industrial experts was held. Experts were 
asked to work in groups and brainstorm barriers, obstacles to water reuse within their 





Key findings from this workshop were as follows: 
 Customer Perception 
 Customer confidence 
 Attitude 
 Technology  
 Water abundance 
 Abstraction limits 
 Water Quality 
 Complexity of managing waste streams 
 Perception of reusing effluent 
It can be stated therefore that while technology may exist to recover water and to 
achieve the potable water standard, the key barriers remain to convince the 
customer. Without convincing the customer it will not be possible to use recovered 
water within the process. 
In conclusion this thesis has contributed to knowledge by: 
 Establishing a water cleanliness datum within the Irish dairy industry. 
 Identifying and characterising critical chemical parameters with regards to 
recovery of dairy waste streams.   
 Determining the effectiveness of existing filtration technologies on real life 
dairy waste streams.  
 Establishing the effectiveness of zeolites in real life dairy wastewater 




The work of this thesis significantly contributed to gaining deeper knowledge on the 
current practices within the Irish Dairy Industry with regards water sourcing, fresh water 
requirements, potential recovery technologies and imminent reuse requirements, 
which brings the industry a step closer to the development of a water reuse technologies 
to reduce cost and stresses in the treatment of expanding waste streams. However, 
there are opportunities to progress on this work and the following research directions 
are recommended: 
 Zeolite Regeneration: preliminary investigation testing proved difficult. It may be 
possible to investigate the potential for catalytic oxidation of NH4+ to more 
environmentally friendly species.  
 Ammonium is only one of a number of key chemical requirements within the EU 
legislation therefore further work is required to investigate the potential of these 
materials on a wider scope to remove other problematic contaminants such as 
nitrates and phosphates. 
 Microbiological testing and interpretation of results sometimes lends itself to 
conflicting results. Without specific expertise in this area it can be difficult to 
understand the results. Future work in this area would require specific 
microbiological expertise. 
  Microbiological treatments e.g. UV exposure and chlorine addition have been 
proven to have the ability to address microbiological issues, further analysis in 
this area could be completed. 
 Customer perception remains a significant misunderstood obstacle. Studying 
socio-economical aspects of human behaviour, both within and external to an 
industrial setting, may aid in understanding people’s reluctance, and indeed, 
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 ABSTRACT Issues caused by stresses on water supplies mean that the Irish Dairy 
Industry is being forced to consider more efficient use of water and indeed alternative 
sources of water. It is necessary to minimise the use of water in both production and 
processing, and this will inevitably lead to emerging reuse technologies. It is therefore, 
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ABSTRACT Stresses on water supplies mean that industries are being forced to consider 
more efficient use of water and indeed alternative sources of water. It is necessary to 
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Abstract 
Water is a key solvent, fundamental to supporting life on earth. It is equally important in 
many industrial processes, particularly within agricultural and pharmaceutical industries, 
which are major drivers of the global economy. The results of water contamination by 
common activity in these industries is well known and EU Water Quality Directives and 
Associated Regulations mandate that NH4
+ concentrations in effluent streams should not 
exceed 0.3 mg.L-1, this has put pressure on organisations and individuals operating in 
these industries. As the environmental and financial costs associated with water 
purification begin to mount, there is a great need for novel processes and materials 
(particularly renewable) to transform the industry. Current solutions have evolved from 
combating toxic sludge to the use of membrane technology, but it is well known that the 
production of these membrane technologies creates a large environmental footprint. 
Zeolites could provide an answer; their pore size and chemistry enable efficient removal 
of aqueous based cations via simple ion exchange processes. Herein, we demonstrate 
efficient removal of NH4
+ via both static and dynamic methodology for industrial 
application. Molecular modelling was used to determine the cation–framework 
interactions which will enable customisation and design of superior sorbents for NH4
+ 
capture in wastewater. 
Keywords: Zeolite; Effluent stream; Water treatment; Wastewater recycling; NH4
+ 




About a century ago, Fritz Haber developed a process to convert the abundant and 
inert gaseous nitrogen (N2) into biologically active ammonia (NH3) that could fertilize 
food production or – ironically – generate powerful explosives. The former triggered an 
agricultural revolution, which allowed farmers to mass produce food to meet the demands 
of war-stricken Europe, and the slogan ran, “bread from air” [1]. Indeed, the industrial 
production of NH3 by the Haber-Bosch process has played a major role in the threefold 
global increase of food production from 1950 to 2000 [2]. Naturally, this led to increases 
in the global population which in turn required increased food production, and therefore 
NH3 demand. Unsurprisingly, human related activities are the largest source of NH3 
emissions to the atmosphere and the emission of excess anthropogenic nitrogen 
compounds remains a matter of great concern to human health and the environment[3]. 
Airborne NH3 reacts with other airborne pollutants (e.g. SO2 and NOx) to form aerosols 
and particulate matter which are associated with respiratory diseases and premature death 
[4]. Waterborne NH3, in the form of ammonium salts (NH4
+), significantly contributes to 
soil acidification, forest decline and eutrophication of waterways [5]. Without large 
changes in the present food system or improvements in remediation technologies, the 
projected global increase in food demand will be accompanied by greater NH3 emissions 
[6]. 
In Europe, NH3 emissions primarily occur as a result of intensive agricultural 
activities and wastewater cleaning processes in dairy industries. Although in 2015 the 
EU-28 agricultural sector reported a 25% decrease in ammonia emissions compared to 
1990 levels [7] Ireland (ca. 2%) and Spain (ca. 12%) reported increases for the same 
period [7]. The Irish Dairy Industry has seen a significant increase in milk processing 
between 2014 & 2016 (ca. 18%) [8], to approximately 6.5 billion litres of milk. Finnegan 
et al. illustrate that in 2013 water usage was approximately 2.23m3 water/m3 milk 
processed [9]. As milk production is set to increase, this level of hydraulic demand is 
unsustainable, and it is apparent that to reduce hydraulic demand alternative sources of 
water must be found. One potential source of process water is within milk by-products, 
however, to ensure customer confidence and to meet EU requirements, the recovered 
water is required to satisfy the EU drinking water directive. The EU Drinking Water 
Directive (Council directive 98/83/EC) was introduced to mandate that NH4
+ 
concentrations in potable water streams should not exceed 0.5 mg.L-1 [10]. Irish 
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legislation demands a further reduction in NH4
+ concentrations to below 0.3 mg.L-1 [11]. 
This has put immense pressure on organisations and individuals operating in these 
industries and as the environmental and financial costs associated with water purification 
begin to mount, there is a great need for novel processes and materials to transform the 
industry. 
Stringent EU directives on water quality will directly impact countries like Ireland 
who face large penalties as agricultural and dairy industries remain a major economic 
driving force. Issues caused by stresses on water supplies mean that the Irish dairy 
industry, for example, is being forced to consider more efficient use of water. NH4
+ is 
commonly used during cleaning, flushing and rinsing of equipment and pipelines during 
dairy processing [12] and increased milk production will necessitate improved NH4
+ 
remediation technologies. The traditional method for NH4
+ and organic removal from 
municipal and industrial wastewaters is based on biological treatments [13]. As discharge 
limits of various pollutants becomes more stringent, ion exchange and adsorption become 
more attractive as possible treatment methods [14]. In water treatment systems where the 
NH4
+ ion is being removed it is possible that organic pollutants are also present. 
Heterotrophic bacteria, which consume the organic species, inhibit the growth and 
activity of nitrifying bacteria to consume ammonia [15].  
Current solutions have evolved from combating toxic sludge [16] to the use of 
advanced membrane technology [17]. More recently, adsorption and ion exchange have 
shown significant promise for low energy NH4
+ removal [14]. The combination of their 
pore size and chemistry allows them to accept metal cations and this enables selective 
removal of aqueous phase NH4
+, below EU regulations, to trace levels. Experimental 
work builds upon efforts from previous decades in the investigation of zeolite application 
in NH4
+ removal (Figure 1) from dairy processing wastewater using via both static and 
dynamic testing with the view to industrial application and scale-up. The mechanism for 
NH4
+ removal was examined via molecular modelling simulations to ascertain the 
interaction energies and NH4





Fig. 1. Structural framework of zeolites ZSM-5, Y/13X, H-Mordenite and 4Å 
(MFI, FAU, MOR and LTA, respectively) used in this work.  
 
  






Zeolites 13X, 4Å were purchased from Sigma-Aldrich and zeolites ZSM-5, 
Hydrogen Mordenite and Zeolyte Y were sourced from Zeolyst International. 
Ammonium chloride was purchased at the highest purity available from Sigma Aldrich 
and used as received. Dairy wastewater was collected from effluent streams from one of 
our industrial partners. NH4
+ TNTplus Vial Test, ULR (0.015 - 2.00 mg/L NH4-N) was 
used to determine NH4
+ concentration of the waste water, purchased from HACH. The 
HACH DR3900 spectrophotometer (HACH) measured NH4
+ concentration at λ = 694nm, 
it uses Truecal recognition to determine and administer the correct wavelength for each 
test. 
 
2.2. Static testing 
A stock solution was prepared using Type I ultrapure water (Milli-Q®) containing 
ammonium chloride (100 mg.L-1) and 15 mL aliquots were prepared in scintillation vials. 
Subsequently 500mg of each zeolite was ground into a powder in an agate mortar and 
pestle and added to each of the scintillation vials. These vials were stirred at 500 rpm for 
24h, filtered using 0.45µM PTFE syringe filters and the NH4
+ concentration was analysed 
by colorimetry using the HACH spectrometer. Each zeolite was tested in triplicate. 
 
2.3. Dynamic testing 
To simulate NH4
+ capture within an industrial process, known amounts of zeolites 
were crushed lightly, sieved and chips with a particle size range between 1080 µM and 
1800 µM were taken and packed into a glass rod (diameter 6 mm, packing length 100 
mm) along with quartz wool to prevent loss of zeolite during experimentation. These 
packed columns were then fixed using a retort stand and, specific injections of 500 mg.L-
1 of a simulated wastewater stock solution, made using ammonium chloride, were passed 
through the column and allowed to flow by gravity (Figure 2). The filtrate was collected 
and immediately analysed using the HACH DR3900 spectrometer. All testing was 
conducted in triplicate. Upon identification of the most appropriate zeolite for NH4
+ 
removal, an extended trial was conducted to estimate zeolite working lifespan and 
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establish effectiveness using a dairy processing by-product. As with previous dynamic 
testing wastewater stock was passed through the column at specific injections with the 
filtered material collected and analysed using the HACH spectrometer. 
 
Fig. 2. Schematic of dynamic testing methodology. 
 
2.4. Adsorption equilibrium isotherms 
The adsorption isotherm was calculated for each of the zeolites by first creating a 
solution of known NH4
+ concentration (24.1 mg.L-1) using the HACH spectrometer and 
ammonium chloride as before and adding a 20 mL aliquot of this solution to 500mg 
zeolite. These solutions containing the zeolites were left on a shaker for 24h and the NH4
+ 
concentration was subsequently determined using the HACH. This process was 
performed across a range of concentrations between 24.1 and 0.208 mg.L-1. 
 
2.5. Modelling NH4
+ loading onto zeolites 
 We performed classical molecular dynamics (MD) of cation exchange in Linde 
type 4Å and Faujasite 13X zeolites. We did not attempt to run statistical studies such as 
fitting adsorption isotherms, but we instead focused our attention on the interaction and 
position of a rigid NH4
+ molecule in the framework. Forcefield developed by Faux et al. 
[18] was used to the study the zeolite⋯Na+ interactions. To model NH4+ we used modified 
forcefield parameters based on NH3⋯type-A parameters [19].  
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Due to the much lower polarizabilities of Si/Al atoms than Na and O [20], the 
Na+⋯O was parametrised using Buckingham potential, while the Na⋯Si/Al interaction 
was purely Coulombic. Furthermore, NH4
+⋯zeolite and NH4+⋯Na+ interactions were 
described by the 12-6 Lennard-Jones function [18]. The forcefields used in [18,19] 
accurately fit crystal structures, interatomic distances and adsorption isotherms in 4Å and 
13X zeolites and therefore are fit to give accurate account of position and energy of the 
NH4
+ molecule within these frameworks. The type 4Å structure determined by Pluth and 
Smith [21] and Faujasite 13X [20] were used to model the geometry of the framework. 
Both, 4Å and 13X crystallize in a cubic crystal system with similar lattice constants 
24.555Å and 24.345Å respectively and contain an identical number of atoms of each kind. 
In addition, following Lowenstein’s rule [22] preventing adjacent AlO4 tetraherda, Si (or 
Al) atoms are placed in the centre of the tetrahedron sharing corner oxygen atoms with 
next tetrahedron with central atom of the different kind (Al or Si) at Si/Al = 1:1 ratio. For 
MD we used an isochoric-isothermal (NVT) ensemble at 298 K and 1fs timestep. After 
an initial 250ps equilibration we ran an additional 750ps production run. The zeolite 
framework as well as the shape of the NH4
+ molecule was kept rigid throughout the 
simulation. All calculations were performed using CP2K [23] 
 
2.6. Zeolite regeneration attempts 
Attempts were made to regenerate the zeolites after experimentation using 
literature sources. First the zeolites were saturated with NH4
+ by stirring 500mg of zeolite 
13X and 4A in a solution of 500mg.L-1 ammonium chloride for 24h. The zeolites were 
then filtered, washed three times with type I ultrapure water and left in a vacuum oven at 
200°C for 24h. Subsequently the zeolites were added to a solution of known NH4
+ 
concentration (29 mg.L-1) (Figure S1, A) for 12h to determine NH4
+ capture (B). Another 
batch was prepared, and these were heated to 200°C for 24h in a vacuum oven (800 mBar) 
and then washed 3 times with 1M NaOH, then thrice with type I ultrapure water and to A 
for 12h to determine NH4
+ capture (C). A final batch was prepared and processed again 
as before using 0.1M NaOH instead and added to A (D). Post NH4
+ adsorption analysis 
of zeolites subject to these conditions is illustrated in Figure S2 and S3 PXRD data was 
obtained using Empyrean, PANalytical diffractometer, with CuKα1 radiation with 






3. Results and discussion 
3.1. Static testing 
Figure 3 represents the results of the static test outlined in Section 2.1. Here, a 
number of potential zeolites were examined to determine their effectiveness in terms of 
NH4
+ extraction. NH4
+ levels at t = 0h and t = 24h were recorded with a stock simulated 
wastewater solution maintained as a datum reference. It is apparent from Figure 3 that all 
selected zeolites resulted in NH4
+ reductions and they were ranked by NH4
+reduction: 
Hydrogen mordenite > ZSM-5 > Zeolite 13X > Zeolite 4Å > Zeolite Y. 
Hydrogen Mordenite recorded the largest level of NH4
+ reduction with a starting 
level of 24.5 mg.L-1 and an ending level of 0.68 mg.L-1 (triplicate average, standard 
deviation 0.07, see supporting information†) which equates to a ca. 97% reduction in 
NH4
+ levels. Further, the least effective (Zeolite Y) could still find utility, recording a 
48% reduction in NH4
+ levels. Having established the effectiveness of the selected 
zeolites at NH4
+ removal under static conditions, the following section examines their 










































+ concentration in solution (mg. L-1) after 24h stirring with selection of 
zeolites 
 
3.2. Dynamic testing 
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Figure 4 illustrates the performance of the selected zeolites under dynamic testing 
conditions as outlined in section 2.3. Here, the starting stock remained the same for all 
zeolites as can be seen from Figure 3, t = 0. From Figure 3 it is apparent that zeolites 4Å 
and 13X achieved marked and sustained NH4
+ reduction of over 5 injection cycles with a 
slight reduction in performance by the 5th injection cycle. 
 
Fig. 4. Screening zeolites for suitability in dynamic testing. Assessing NH4
+ 
concentration in solution (mg. L-1) after addition of 15 mL aliquots of simulated 
wastewater. 
 
While the static testing indicated that all the zeolites warranted further 
investigation, when examined under dynamic conditions it is apparent that NH4
+ removal 
was limited for some zeolites. In the case of ZSM-5 while initial removal was positive, 
ca. 58%, after 3 injection cycles the impact was significantly reduced indicating that the 
zeolite had reached the end of its usefulness. This variance in results when switching from 
static to dynamic testing can be explained by the individual kinetics of each adsorbent. 
Specifically, the contact time in dynamic testing is much shorter i.e. seconds, vs. 24h in 
static and further, the zeolites used in static testing were ground into a powder. Powdering 
the zeolites in dynamic testing would cause clogging in the column and therefore the 
experimental design had to be adapted. 







































As indicated in Figure 4, Zeolite Y and hydrogen mordenite demonstrates 
negligible NH4
+ adsorbance under dynamic conditions and it is apparent that Zeolite 13X 
and 4Å offer the potential for NH4
+ removal over a number of injection cycles with 
Zeolite 4Å removing ca. 64% of NH4
+ after 5 injection cycles and 13X removing ca. 85% 
of NH4
+ after 5 injection cycles. However as is also clear from Figure 3 that the level of 
NH4
+ removal drops as the injection cycle increases, for example Zeolite 4Å removed 
ca.75% of NH4
+ after 3 injections cycles but only ca. 64% after 5 injection cycles. Similar 
trends are illustrated in Figure 4 for the other selected zeolites which is particularly 
noticeable for ZSM-5, therefore, it was necessary to establish an estimated useful zeolite 
lifespan. 
Interestingly, the zeolites which were found to perform best during dynamic 
testing (13X and 4Å) contained Na+ charge balancing cations while those which 
demonstrated lesser performance (Mordenite, ZSM-5 and Zeolite Y) all contained H+ 
cations. This may suggest that Na+ containing zeolites may exhibit superior performance 
regardless of zeolite structure as the presence of Na+ cations may be more amenable to 
ion exchange and thus result in superior exchange kinetics and therefore improved 
performance under dynamic conditions. 
The results from this extended experiment is illustrated in Figures 5 and 6, 
focusing on the two Zeolites which proved most successful at NH4
+ removal in the first 
suite of dynamic tests (Figures 5 and 6). This experiment also used a dairy processing by-
product, which is currently sent to directly to a wastewater treatment plant. By 
investigating the possibility of NH4
+ removal in a real-life processing by-product stream 
(5.2 mg NH4
+.L-1), this research offers the potential to reduce hydraulic demand in the 










+ adsorption breakthrough curve of zeolite 13X with dairy wastewater 
 
Figures. 5 and 6 illustrate that the initial concentration of NH4
+ in the sample 
obtained from our dairy processing partner was 5.2 mg. L-1 which includes the EU/EPA 
drinking water standard which sets the acceptable NH4
+ concentration at 0.3 mg. L-1. It is 
apparent that the zeolites remove NH4
+ from the sample achieving outlet concentrations 
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of ca. 0.2 mg NH4
+.L-1 which represent a ca. 96 % reduction in NH4
+ concentration of the 
inlet stream. The Zeolites were found to maintain outlet purities of <0.3 mg. L-1 for ca. 
180 cc/g and 230 cc/g for zeolites 4Å and 13X, respectively. This translates to total NH4
+ 
uptakes of 0.94 and 1.20 mg/g from a 5.2 mg.L-1 solution for Zeolites 4Å and 13X, 
respectively. Figures 5 and 6 demonstrates that it is possible to take a current dairy 
processing by-product and remove sufficient NH4
+ using both zeolites 13X and 4Å to 
meet the EU/EPA drinking water standard. 
As mentioned previously, Figures 5 and 6 outline an extended experimental run 
where increasing quantities of the waste sample were passed through the zeolites, it is 
apparent that as the samples reached 300 mL, the efficiency of NH4
+ removal deteriorated 
and at 400 mL the samples no longer met the EU/EPA drinking water standard. In an 
industrial application, this would result the end of the operational usefulness of the 
zeolites and as such will require regeneration or replacement. 
 
3.3 Adsorption isotherm fitting parameters 
The influence of the zeolite structure on the equilibrium NH4
+ exchange was 
quantified using ion-exchange isotherms. Samples of zeolites 13X and 4Å were exposed 
to NH4
+ containing solutions with known concentrations. The resulting ion-exchange 
isotherms (Figures. 7 and 8) were evaluated using the Langmuir, Freundlich, Langmuir-
Freundlich and Redlich-Peterson formalisms, Equations A – D, respectively: 
 
Langmuir Isotherm =     𝑞𝑒 = 𝑞𝑚𝑎𝑥 ⌊
𝑏𝐶𝑒
1+𝑏𝐶𝑒
⌋   
 (A) 
Freundlich Isotherm =    𝑞𝑒 = 𝐾𝑓𝐶𝑒
𝑛
    
 (B) 




𝑛]   
 (C) 
Redlich-Peterson Isotherm =    𝑞𝑒 = ⌊
𝐾𝑟𝑑𝐶𝑒
1+𝛼𝐶𝑒






-1) and b (g.mg-1min-1) are the Langmuir isotherm constants; KF 
(g.mg-1min-1) and n are the Freundlich sorption constants; KRD, α and β are the Redlich-
Peterson constants; Ce (mg.L
-1) is the equilibrium concentration of the solution and qe 
(mg.g-1) is the equilibrium uptake at a given concentration. 
The values of the correlation coefficient (R2) reported in Table 1 illustrate that all 
three models used are of a good fit to the experimental data. The Langmuir-Freundlich 
model was found to be the best fit for the experimental data for Zeolite 13X (R2 = 0.998) 
and was also found to be the best fit for Zeolite 4Å (R2 = 0.999). The results of model 
fitting suggest that a limiting exchangeable amount of NH4
+ (qmax) of 21.96 and 20.71 
mg/g can be achieved for 13X and 4Å, respectively. When the chosen models are used to 
predict the uptake, which can be achieved by the zeolites for a 5.2 mg. L-1 NH4
+ solution, 
uptakes of 2.64 and 1.31 mg/g were observed for 4Å and 13X, respectively. In contrast, 
the results of breakthrough experiments demonstrate superior performance by 13X (1.2 
mg/g) compared to 4Å (0.94 mg/g). The reduced performance of 4Å may be attributed to 
slower exchange kinetics and/or competitive exchange and as a result 4Å may require 
longer times periods to achieve NH4
+ saturation, thus reducing NH4





Fig. 7. Experimental adsorption data and linear (left) and logarithmic (right) model 
fittings for zeolite 13X. 
 

















































Fig. 8. Experimental adsorption data and linear (left) and logarithmic (right) model 
fittings for zeolite 4Å. 
 
Table 1. Langmuir, Freundlich and Langmuir-Freundlich isotherm constants and 
correlation coefficients for NH4
+ uptake on Zeolites 13X and 4Å. 
   
Zeolite 
Model Parameter Units 4Å 13X 
Langmuir 
qmax mg.g
-1 540.09 9999.9 
b 
g.mg-





-1 36.77 19.27 




























































-1 751.40 9999.9 
b 
g.mg-1min-






















*Calculated using equation KF = qmax / (Co)
1/n: where Co = 141 mg.L
-1. 
 
The Langmuir isotherm, based on monolayer uniform and finite adsorption site 
assumptions, was not used to evaluate the experimental results of 4Å and 13X as the 
isotherm data did not fit with typical isotherm form (Figures 7 and 8).  Moreover, the 
experimental data for both 4Å and 13X was well fitted with the Freundlich model, an 
indication of heterogeneous adsorption. The Freundlich adsorption isotherm suggests that 
the ammonium concentrations on the adsorbent will increase so long as there is an 
increase in the ammonium concentration in the aqueous solution. A higher adsorption 
capacity was observed for 4Å as shown in Table 1. 
In Table 1, Freundlich parameter KF represents the affinity of adsorbate to an 
adsorbent, of 4Å is greater than that for 13X.  In addition, from Table 1, the value of n is 
ca. 1, in which case the Freundlich equation reduces to the Henry equation. Furthermore, 
the adsorption capacity for the 4Å is greater than that for 13X. This behaviour could be 
explained in terms of the adsorption mechanism. 
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It is clear from Figure S1 that regeneration attempts on both zeolite and 13X failed 
to produce sufficient results. The original NH4
+ concentration was left unchanged in terms 




+ loading onto zeolites 
3.4.1. Simulation of 4Å NH4
+ capture and bonding strength 
During equilibration in both 4Å⋯Na+ and 13X⋯Na+, initial motion of sodium 
atoms to their equilibrium positions was observed. During the following production run 
of 0.75ns Na+ atoms were displaced only around equilibrium positions due to interactions 
with the framework as well as thermally induced motion. In the final geometry in the last 
0.5ns of the MD simulation Na+ cations were located at the sites consistent with literature 
[18,24-26]. We then introduced a NH4
+ molecule with an N–H bond length of 1.014Å 
and an H–N–H angle of 109.5º. Charges on atoms were 0.446 and -0.784 for H and N, 
respectively. Molecules were randomly placed around the centre of the pore in both 
zeolites and motion of Na+ atoms during initial equilibration follows similar pattern as in 
the zeolites only containing Na+. NH4
+ molecules move towards pore surface in the 
equilibration phase 0.25ns, but no further motion is observed in further 0.75ns MD. 
In type 4Å, NH4
+ molecules migrate to occupy the centre of the 6-membered ring 
on the pore surface. There are three hydrogen bonds between the molecule and framework 
oxygens with the distances of 2.107, 2.11 and 2.153Å. Potential energy difference 
between the two Na+ cation only and NH4
+ containing zeolites is about 0.2eV in the last 
0.5ns of the simulation. With such high interaction energies, one could expect to find 
difficulty removing the NH4
+ ions from the structure during zeolite regeneration, as seen 
during recycling experiments (Figure S1). Representation of the position of NH4
+ in 
Zeolite 4Å is depicted in Figure 9 [18], the detail shows hydrogen bonded NH4
+ to zeolite 
framework. 
In the 13X zeolite, we calculated that the NH4
+ molecule is in an equilibrated 
position between the two adjacent 4-membered rings. Two of the molecule’s hydrogen 
atoms participate in the multiple hydrogen bonds with the three oxygen atoms in a ring. 
The H–N bond length varies with an average of about 2.0Å during the final 0.5ns of the 
simulation. The binding energy has been calculated to be around 0.2eV. This value similar 




+ concentrations in both zeolite types. In a further, more detailed study on NH4
+ in 
alumino-silicate zeolites we fit MD simulation to the experimental data to accurately 
describe thermodynamics and mechanism of adsorption and desorption. 
 
 
Fig. 9. Simulation of NH4
+ adsorption onto the zeolite 4Å framework. Yellow (Si), 
Purple (Al), Red (O), Green (Na), Blue (N), White (H). 
 
 
Fig. 10. Simulation of NH4
+ adsorption onto the zeolite 13X framework. Yellow (Si), 






 As outlined previously dairy processing requires a significant hydraulic demand, 
with ca. 2.5m3 of water required to process 1m3 of milk. As such, water supply and 
wastewater treatment represent significant limiting factors to the dairy processing 
industry. Significantly,  this research has illustrated that it is possible to take dairy 
processing by-products and achieve a concentration of NH4
+ which exceeds the EU/EPA 
drinking water standard. 
Although teams have been investigating the potential of other porous materials such as 
Metal Organic Frameworks (MOFs) and ordered porous silicas, price remains a barrier. 
Table 2 illustrates this price differential, notwithstanding problems associated with MOF 
water stability and toxicity of its constituents. In contrast, zeolites (discovered in 1756) 
are a cheap, widely available and naturally occurring material that has been used in 
pharmaceutical and fine chemical industries for ca. 100 years. Further, 
the adsorption method is broadly and effectively employed for the treatment of industrial 
wastewater from organic and inorganic pollutants [27,28].  
Extrapolating from the results obtained in this work, one would expect zeolites 
4Å and 13X to clean 180m3 and 230m3 of dairy wastewater per tonne of material which 
translates to processing 72m3 and 92m3 of milk. 
 
Table 2. Cost-effectiveness of Zeolites vs. other porous materials 
Material Source Cost/Kg 
UiO-66 ACSYNAM $10,000 
ZIF-8 ACSYNAM $7,500 
HKUST-1 ACSYNAM $7,500 
MCM-41 ACS Material $1190 
SBA-15 ACS Material $1550 
Zeolite 13X Alibaba ~$100 – $300 
Zeolite 4Å Alibaba ~$100 – $300 
 
This work fills the literature gap as suggested by Wang and Peng [29] as we 
provide a detailed mechanism of zeolite–adsorbent interactions via molecular modelling. 
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Further, this study illustrates the real world application of zeolites in wastewater treatment 
as performance displayed in simulated solutions was maintained in the presence of actual 
dairy wastewater which contains uncharacterised variables in terms of pH and 
competitive species during the ion exchange process. 
Future work will focus on regeneration of these zeolites as preliminary testing 
proved difficult (Figure S1), here we will also investigate the potential for catalytic 
oxidation of NH4
+ to more environmentally friendly species. Further, as NH4
+ is only one 
of a number of key chemical requirements within the EU/EPA legislation work is ongoing 
to investigate the potential of these materials on a wider scope to remove other 
problematic contaminants such as nitrates and phosphates. 
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10.2 APPENDIX B - EU WATER STANDARD SUPPLEMENTARY MATERIAL 
Note 1: A supply zone is a geographically defined area within which water intended for human 
consumption comes from one or more sources and water quality may be considered as being 
approximately uniform.  
Note 2: The volumes are calculated as averages taken over a calendar year. The number of 
inhabitants in a supply zone may be used instead of the volume of water to determine the 
minimum frequency, assuming water consumption of 200 l/(day*capita).  
Note 3: The frequency indicated is calculated as follows: e.g. 4 300 m3 /d = 16 samples (four for 
the first 1 000 m3 /d + 12 for additional 3 300 m3 /d).  
Note 4: Member States that have decided to exempt individual supplies under Article 3(2)(b) of 
this Directive shall apply these frequencies only for supply zones that distribute between 10 and 
100 m3 per day. 
Group A Parameters are defined as:  
 Escherichia coli (E. coli), coliform bacteria, colony count 22 °C, colour, turbidity, 
taste, odour, pH, conductivity;  
 other parameters identified as relevant in the monitoring programme, in 
accordance with Article 5(3) and, where relevant, through a risk assessment as 
set out in Part C. 
Under specific circumstances, the following parameters shall be added to the 
Group A parameters: (a) ammonium and nitrite, if chloramination is used; (b) 
aluminium and iron, if used as water treatment chemicals. 
 
Group B parameters are defined as: 
In order to determine compliance with all parametric values set out in this Schedule, all 
other parameters not analysed under Group A and set out in Part 1 of the Schedule in 
accordance with Article 5 of the Directive shall be monitored at least at the frequencies 
set out in Table 14 of point 3. 
Notes for Discharging Licence 
Note 1: The number of toxic units (TU) = 100/x hour EC/LC50 in percentage vol/vol so that higher 
TU values reflect greater levels of toxicity. For test regimes where species death is not easily 
detected, immobilisation is considered equivalent to death.  
Note 2: Total Nitrogen means the sum of Kjeldahl Nitrogen, Nitrate N and Nitrite N.  
Note 3: Reduction in relation to influent load.  
Note 4: Limits will depend on the sensitivity of the receiving waterbody.  
Note 5: Any relevant polluting substances as specified in Schedule to S.I. No. 394 of 2004: EPA 





10.3 APPENDIX C - SUPPORTING MATERIAL TO LITERATURE 
10.3.1 GLOBAL WATER USE ADDITIONAL MATERIAL 
This level of depletion was studied, analysed and presented by Brauman in 2016 (Brauman et 
al., 2015). The Brauman study was based on the period of 1971 to 2000 and resulted in the 
diagram presented in Figure 2-1.  
 
Figure 2-1 Water Depletion Maps (Brauman et al., 2015) 
Figure 2-1, presents water depletion in global water sheds, here the water depletion 
represents the fraction of renewable fresh water and groundwater available in a watershed 
consumptively used by human activities. A total of 15,091 watersheds were included in this 
study by Brauman, and it is apparent that when seasonal and dry-year depletion are included 
(Figure 2-1 Map B) those experience an annual water depletion of at least 75% increases by a 
factor of 15. Examining Figure 2-1 Map A there is a significant number of countries who 
experience between 5-25% water depletion yearly (Brauman et al., 2015).  
This level of water depletion will put a significant constraint on economic growth but more 
importantly standards of living and sustainability in general. For example intensification in 
water consumption can cause biodiversity loss; soil salinization; soil flooding; loss of 
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complementary services; inequality between users; increases in vulnerability; and the 
deterioration of water sources and ecosystems (Velasco-Muñoz et al., 2018). According to the 
2018 UN water report at present an estimated 3.6 billion people live in areas that are 
potentially water scarce at least one month per year, this population could increase to some 
4.8 - 5.7 billion by 2050 (WWAP (World Water Assessment Programme), 2018).  
 
Figure 2-2 Physical Water Scarcity in 2010 and Projected change in Water Scarcity by 2050 
Figure 2-2 above illustrates water scarcity as published by the UN in 2018, based on study by 
Burek et al, comparing 2010 to the projections for 2050 (Burek et al., 2016). It is apparent 
from this diagram that while initiatives to address water scarcity will have been adopted by 
various countries in general water scarcity remains a significant challenge up to 2050 and 
beyond. 
As mentioned previously groundwater represents the primary source of water for a significant 
portion of the world’s population. According to Richey et al this equates to 2 billion people 
(Richey et al., 2015). Examination of the abstraction of groundwater, included in the UN 2018 
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report illustrates the volume of groundwater abstracted in 2010 and projects to 2050 (WWAP 
(World Water Assessment Programme), 2018). This is shown diagrammatically in Figure 2-3. 
 
Figure 2-3 Groundwater Abstractions in 2010 and increases in groundwater abstraction by 2050 
(WWAP (World Water Assessment Programme), 2018) 
From Figure 2-3 is it again apparent that abstraction for a significant proportion of the globe 
will continue at the same rate <10 km3/year and while some areas will reduce from 2,000 to 
1,000 km3/year the overall hydraulic demand is still significant (WWAP (World Water 
Assessment Programme), 2018). 
It was indicated previously that agriculture accounts for approximately 70% of water demand, 
the purpose of water in agriculture is self-evident where insufficient supply will result in crop 
failure. An analysis of the yield gap (gap between crop harvest and ability to feed growing 
population) by Frankel et al indicated that yield gap closure is typically achieved by applying 
industrial fertilizers and irrigation water (Frankel et al., 2017). While the use of fertilizers and 
new cultivars are often limited by economic and environmental costs, the development of 
IV 
 
irrigation infrastructures also requires the availability of adequate irrigation (blue) water 
resources. Blue water is simply the additional water after accounting for precipitation, deep 





10.3.2 DAIRY PROCESSES EXPLAINED 
BUTTER PRODUCTION 
Large scale butter processes involved a number of phases, as outlined in Section 2.5, cream 
which has been separated at the start of the process is pasteurised and fed into the churn, 
during the process a by-product buttermilk is created and extracted. In comparison to most 
dairy processing steps, this process is quite self-contained with raw material to packaging 
typically in the same room. Bylund provides a clear picture in Figure 2-13 below. 
 




CHEESE PRODUCTION  
The manufacturing steps involved in cheese production can be almost limitless as each will 
vary with the family of cheese being produced. “Each type of cheese has its specific 
production formula, often with a local touch” (Bylund, 2015). Cheese can be both soft and 
hard, manufactured in small batches or large multinational processing plants, but, however, 
it is representative that the following Figure 2-14 characterises typical steps for Cheese 
Production  
 
Figure 2-14 Life Cycle of Cheese Production Process (Santos et al., 2017) 
This is expanded on by Bylund as follows: 
 




Casein a major protein component in milk and is generally made from skim milk by either 
precipitation by acid or coagulation by rennet.  
Rennet casein is typically produced in continuous process, where drainage of whey takes 
place before the casein passes through a number of washing tanks. The casein is dewatered 
between washing stages and after leaving the washing stages the water/casein mixture goes 
through a final decanter to discharge as much water as possible before final drying. Typically 
between 0.3 -1 litre of water is required to wash 1 litre of skim milk, according to the Dairy 
Processing Handbook (Bylund, 2015). Figure 2-16 outlines the steps involved in rennet casein 
production as per the Dairy Processing Handbook. 
 
Figure 2-16 Rennet Casein Production Processing Schematic (Bylund, 2015) 
A by-product of rennet casein is rennet whey. In a similar manner to cheese whey this is high 
in value as it is a popular protein product. Whey is commonly dried in a similar manner to the 




In contrast acid casein production involves the addition of hydrochloric acid or sulphuric acid 
to the skim milk to achieve a pH of approximately 4.6 which precipitates coagulation of the 
casein (Bylund, 2015). Acid casein process differs to the previous process and the steps are 
illustrated by Bylund et al., in Figure 2-17. 
 
Figure 2-17 Acid Casein Processing Schematic (Bylund, 2015) 
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10.5 APPENDIX E- WATER USAGE ON SITE QUESTIONNAIRE  
Separators: 
 Do you flush after product has been running?  
 Flush duration (time/litres) 
 Do you rinse after CIP? 
 Rinse Duration (time/litres) 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 
 Further Comments: 
 
Milk Intake: (lines not lorries) 
 Do you flush after product has been running?  
 Flush duration (time/litres) 
 Do you rinse after CIP? 
 Rinse Duration (time/litres 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 
 Further Comments: 
Evaporation: 
 Do you flush after product has been running?  
 Flush duration (time/litres) 
 Do you rinse after CIP? 
 Rinse Duration (time/litres) 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP?  
 Further Comments: 
Butter: 
 Do you flush after product has been running?  
 Flush duration (time/litres) 
 Do you rinse after CIP? 
 Rinse Duration (time/litres) 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 






 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 
 Do you rinse after CIP? 
 Rinse duration (time/litres) 
 Further Comments: 
Cheese: 
 Do you flush after product 
 Flush duration (time/litres) 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 
 Do you rinse after CIP? 
 Rinse duration (time/litres) 
 Further Comments: 
 
Casein 
 Do you flush after product 
 Duration of flush (time/litres) 
 Duration of CIP: Long cycle:                                    Short Cycle: 
 How often do you CIP? 
 Do you rinse after CIP? 
 Rinse duration (time/litres) 
 Further Comments: 
 
Others Etc: 
 Are silos washed on the outside? 
 Are silos CI ’d? 
 How often are these done? 
 Do you wash Product with fresh water? 
 If so what? 
 Do you add fresh water to any product?  





10.6 APPENDIX F - RESULTS FROM WATER CLEANLINESS EXAMINATION 
 
EU Specification Results 2017 Rsults 2016 Results 2015 Results 2017 Rsults 2016 Results 2015 Results 2017 Results 2016 Results 2015 Results 2017 Results 2017 Results 2016 Results 2016 Results 2015 Results 2015 Average
Parameter Units Spec Soft Water Hard Water Soft Water Hard Water Soft Water Hard Water Average
Acrylamide µg/l 0.1 0.01 0.003 0.005 0.005 0.05 0.05 0.0205
Antimony µg/l 5 0.1 0.1 0.1 0.02 1 1 0.34 0.25 0.25 0.1 0.1 0.305455
Arsenic µg/l 10 0.1 0.2 1 1 1 0.46 0.52 0.52 0.274 0.272 0.5346
Benzene µg/l 1 0.1 0.1 0.1 0.02 0.07 0.07 1 1 0.3075
Benzo(a)pyrene µg/l 0.01 0.003 0.003 0.003 0.00022 0.00022 0.00022 0.00022 0.00022 0.001263
Bromate µg/l 10 1 1 1 0.1 0.1 0.1 0.5 0.5 0.5375
Cadmium µg/l 5 0.1 0.1 0.1 0.05 0 0.01 0.04 0.04 0.04 0.1 0.1 0.061818
Chromium µg/l 50 1 1.1 1 1 1.8 10 2.69 0.76 0.76 0.7 0.7 1.955455
Cyanide µg/l 50 1.2 1.2 1.2 0.7 0.7 0.7 0.5 0.5 0.8375
1,2- Dichloroethane µg/l 3 0.1 0.1 0.1 0.07 0.1 0.1 1 0.224286
Epichlorohydrin µg/l 0.1 0.05 0.05 0.1 0.1 0.1 0.05 0.05 0.071429
Lead µg/l 10 0.3 0.7 0.3 1 1 1 0.1 0.03 0.03 0.4 0.4 0.478182
Mercury µg/l 1 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.05 0.05 0.002 0.002 0.022182
Nickel µg/l 20 1.1 1.3 1 1 1 2 0.76 0.51 0.51 0.73 0.73 0.967273
Pesticides µg/l 0.1 0.01 0.01 0.01
Pesticides-Total µg/l 0.5 0.01 0.01 0.01 0.01
Polycyclic aromatic hydrocarbons µg/l 0.1 0.01 0.01 0 0 0 0.004
Selenium µg/l 10 0.8 0.3 0.2 1 1.12 1.51 1.51 0.797 0.655 0.876889
Tetrachloroethene & Trichloroethene µg/l 10 0.2 0.2 0 0 0 1 1 0.342857
Trihalomethanes - Total µg/l 100 5 43 0 2.44 2.44 0 1 7.697143
Vinyl chloride µg/l 0.5 0.1 0.1 0.5 0.037 0.037 0.5 0.5 0.253429
Iron µg/l 200 30 20 20 14 10 10 3.6 3.6 3.6 4 4 11.16364
Manganese µg/l 50 1.4 19 1.9 5 5 5 2.6 2.6 0.2 0.2 4.29
Aluminium µg/l 200 17 5 57.5 34 33 10 10 10 7.22 5.4 5.4 2 2.09 15.27769
Ammonium mg/l 0.3 0.02 0.02 0.03 0.0114 0.019 0.02 0.02 0.025 0.01 0.004 0.02 0.02 0.018283
Chloride mg/l 250 25.7 28.8 23.97 25.8 25.8 25.3 19 19 19 23 22 23.39727
Sulphate mg/l 250 17.2 18.3 67.75 15 11.4 17 15.2 34.8 15 14.2 14 21.80455
Boron mg/l 1 0.02 0.02 0.02 0.021 0.0197 0.0197
0.015 0.014.9 0.0139 0.008 0.008 0.01653
Copper mg/l 2 0.003 0.01 0.006 0.001 0.001 0.001
0.6 0.0006 0.0006 0.004 0.004 0.057382
Fluoride (a) Fluoridated Supplies mg/l 0.8 0.15 0.3 0.7 0.003 0.1 0.1 0.334 0.241
Fluoride (b) Supplies that don't 
required fluoridation
mg/l 1.5 0.2 0.2 0.2
0.061 0.16525
Nitrate mg/l 50 13.6 20.8 2.759 2.7 3 13.6 20.2 16.5 16.7 4.5 4.29 10.78627
Nitrite mg/l 0.5 0.03 0.03 0.013 0.004 0.013 0.013 0.013 0.002 0.002 0.003 0.0123
Sodium mg/l 200 12.2 11.6 10.5 19 15.3 15.3 9.84 9.76 9.76 126 11.5 22.79636
Company B Company C
 
Company A Company D
XX 
 























10.9 APPENDIX I - HACH TESTING PROCEDURES  
The following section outlines the testing procedure used in conjunction with the HACH 
DR3900 for the chemicals deemed important to consider, namely Ammonium (LCK304), 
Fluoride(LCK323), Chlorine, Nitrates, Nitrites and Sulphates. COD testing parameters are 
also included in this section. The testing procedures outlined below are inline with the 
Supplier recommendations and can be accessed in detail from the supplier website. 
LCK304 Ammonium (NH4+) 
The procedure for this test was as follows; 
 Carefully remove the foil from the screwed-on DosiCap Zip. 
 Unscrew DosiCap Zip 
 Pipette 5.0 ml of sample into cuvette 
 Immediately screw the DosiCap Zip back; fluting at the top 
 Shake firmly 
 After 15 minutes thoroughly clean the outside of the cuvette and evaluate 
 
LCK323 Fluoride (F-) 
The procedure for this test was as follows; 
 Insert sample cuvette as blank-value cuvette into the Spectrophotometer, 
before adding the water sample 
 Pipette 3.0 ml of sample into the cuvette 
 Close cuvette and invert a few times. After 1 minute thoroughly clean the outside 
of the cuvette and evaluate 
 
LCK153  Sulphate (SO4) 
The procedure for this test was as follows; 
 Pipette 5.0 ml of sample into cuvette 
 Add 1 spoon of sample A. (LCK 153 Sample A, enclosed in pack along with a spoon 
that has a defined measurement) 
 Rotate and wait 2 minutes 




The procedure for this test was as follows; 
 Start program 80 on the Spectrophotometer called Chlorine F & T PP, (Free and 
Total Powder Pillows) 
 Fill a sample cell with 10 ml of sample 
 Prepare the sample; add the contents of one powder pillow to the sample cell 
 Swirl sample cell for 20 seconds to mix. A pink colour shows if chlorine is present 
in the sample 
 Start the instrument timer. A 3-minute reaction time starts 
 Prepare the blank sample; fill a second sample cell with 10ml of sample 
 Clean the blank sample cell 
 Insert the blank sample cell into the cell holder 
 Push zero. The display shows 0.00 mg/l Cl2.  
 Clean the prepared sample 
 Within 3 minutes after the timer expires, insert the prepared sample into the cell 
holder 
 Push read, and result shows mg/l Cl2 
 
 
LCK339 Nitrate (NO3-N) 
The procedure for this test was as follows; 
 Slowly pipette 0.2 ml of sample into the cuvette 
 Slowly pipette 1 ml of solution A (LCK 340 A, enclosed in pack) into the same 
cuvette 
 Close cuvette and invert a few times until no more streaks can be seen 







LCK305 Nitrite (NO2-N) 
The procedure for this test was as follows; 
 Carefully remove the foil from the screwed-on DosiCap Zip 
 Unscrew the DosiCap Zip 
 Pipette 2.0 ml of sample into cuvette 
 Immediately screw the DosiCap Zip back; fluting at the top 
 Shake firmly until the freeze-dried contents are completely dissolved 
 After 10 minutes, invert a few times more, thoroughly clean the outside of the 
cuvette and evaluate 
 
Chemical Oxygen Demand (COD) 
The procedures for the LCI 400 and LCI 500 tests were as follows; 
 Shake cuvette so that residue mixes with fluid within the cuvette 
 Create a blank sample; pipette 2.00 ml of distilled (DI) water into a cuvette 
 Pipette 2.00 ml of sample into a second cuvette 
 Invert cuvette a few times 
 Place both cuvettes into a digester at 150°C for 120 minutes 
 Allow cooling inverting a few times at 60°C. ~Allow further cooling to 20°C 
 Thoroughly clean the outside of the cuvette, insert cuvette into 
Spectrophotometer and evaluate. 
 
 
The procedure for the high range LCK 014 test (1,000 – 10,000 mg/l COD) is as follows; 
 Shake cuvette so that residue mixes with fluid within the cuvette 
 Pipette 0.5 ml of sample into cuvette 
 Invert cuvette a few times 
 Place cuvette into a digester at 150°C for 15 minutes  
 Allow cooling inverting a few times at 60°C. Allow further cooling to 20°C 
 Thoroughly clean the outside of the cuvette, insert cuvette into 




Biological Testing Procedures 
Colilert 18 (Fecal Coliforms and E. Coli) 
The procedure for this is as follows; 
 Collect a sterile 100 ml sample (a sample that has not been in contact with any 
other bacteria or living organism that may influence the results)  
 Add reagent to the sample and shake until dissolved 
 Pour solution into Quanti-Tray 
 Seal in Quanti-Tray Sealer and place in 35°C ± 0.5°C incubator for 18 hours 
 Evaluate results: 
 Yellow wells = Total Coliforms 
 Yellow/Fluorescent wells = E. Coli 
 Count positive wells and refer to MPN table for Quanti-Tray (See Section 
8.D) 
Total Bacterial Count – using IDEXX SimPlates 
This test was carried out as follows: 
 Make up a Multi-Dose media solution, by adding 100 ml of Deionised water to 
the media sample container. And refrigerate. 
 Mix 9 ml of media with 1 ml of sample and mix. 
 Put mixture into an 84 well SimPlate petri dish. 
 Ensure mixture goes into each well and pour remaining fluid off into the pour off 
cotton.  
 Incubate at 41°C ± 0.5°C for 48 – 72 Hours 
 Evaluate results: 
 Fluorescent wells show a positive result for TBC’s 
 Count positive wells and refer to MPN table for Multi-Dose SimPlate   
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10.10 APPENDIX J – MPN TABLES 










10.11 APPENDIX K – PERCEPTION WORKSHOP RESULTS 
 
 
